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Abstract

AIM
To provide an overview of the current research in the
functional neuroanatomy of panic disorder.

METHODS

Panic disorder (PD) is a frequent psychiatric disease.
Gorman et a/ (1989; 2000) proposed a comprehensive
neuroanatomical model of PD, which suggested that
fear- and anxiety-related responses are mediated by
a so-called “fear network” which is centered in the
amygdala and includes the hippocampus, thalamus,
hypothalamus, periaqueductal gray region, locus
coeruleus and other brainstem sites. We performed
a systematic search by the electronic database
PubMed. Thereby, the main focus was laid on recent
neurofunctional, neurostructural, and neurochemical
studies (from the period between January 2012 and
April 2016). Within this frame, special attention was
given to the emerging field of imaging genetics.

RESULTS

We noted that many neuroimaging studies have rein-
forced the role of the “fear network” regions in the
pathophysiology of panic disorder. However, recent fun-
ctional studies suggest abnormal activation mainly in an
extended fear network comprising brainstem, anterior
and midcingulate cortex (ACC and MCC), insula, and
lateral as well as medial parts of the prefrontal cortex.
Interestingly, differences in the amygdala activation were
not as consistently reported as one would predict from
the hypothesis of Gorman et a/ (2000). Indeed, amygdala
hyperactivation seems to strongly depend on stimuli and
experimental paradigms, sample heterogeneity and size,
as well as on limitations of neuroimaging techniques.
Advanced neurochemical studies have substantiated the
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major role of serotonergic, noradrenergic and glutama-
tergic neurotransmission in the pathophysiology of PD.
However, alterations of GABAergic function in PD are
still a matter of debate and also their specificity remains
questionable. A promising new research approach
is “imaging genetics”. Imaging genetic studies are
designed to evaluate the impact of genetic variations
(polymorphisms) on cerebral function in regions critical
for PD. Most recently, imaging genetic studies have
not only confirmed the importance of serotonergic
and noradrenergic transmission in the etiology of PD
but also indicated the significance of neuropeptide S
receptor, CRH receptor, human TransMEMbrane protein
(TMEM123D), and amiloride-sensitive cation channel 2
(ACCONZ2) genes.

CONCLUSION

In light of these findings it is conceivable that in the
near future this research will lead to the development of
clinically useful tools like predictive biomarkers or novel
treatment options.

Key words: Panic disorder; Anterior cingulate cortex;
Amygdala; Insula; Functional magnetic resonance
imaging; Diffusion tensor imaging; Voxel-based morpho-
metry; Imaging genetics; Serotonin; Noradrenaline

© The Author(s) 2017. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: This systematic review is focused on the most
current research in the functional neuroanatomy of
panic disorder. Recent neurofunctional studies suggest
that the “fear network”, as proposed by Gorman et a/,
may need to be amended by additional regions (ACC,
insula). Most recently, imaging genetic studies have
not only confirmed the importance of serotonergic and
noradrenergic transmission in the etiology of panic
disorder (PD) but also indicated the significance of
neuropeptide S receptor and corticotropin releasing
hormone receptor gene variants. Imaging genetics
studies are of major importance for the refining of the
neuroanatomical model, because genetic risk variants
may significantly influence fear network activity in PD.

Sobanski T, Wagner G. Functional neuroanatomy in panic
disorder: Status quo of the research. World J Psychiatr 2017; 7(1):
12-33 Available from: URL: http://www.wjgnet.com/2220-3206/
full/v7/i1/12.htm DOI: http://dx.doi.org/10.5498/wjp.v7.il.12

INTRODUCTION

Panic disorder (PD) is a considerably common psychia-
tric disease. According to epidemiological studies, six-
month prevalence rates have been estimated roughly
1%™ while lifetime prevalence amounts to 2%-5%".
PD is characterized by the occurrence of recurrent
panic attacks, which are not explained by another
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psychiatric or medical condition. According to the
Diagnostic and Statistical Manual of Mental Disorders (5™
edition) panic attacks are sudden episodes of intense
fear or discomfort that may be accompanied by pal-
pitations, accelerated heart rate, sweating, trembling,
chest pain, nausea or abdominal distress, dizziness,
paresthesias, derealization, depersonalization, fear of
“going crazy” or even fear of dying!. Besides panic
attacks, many patients with PD suffer from anticipatory
anxiety and maladaptive changes in cognition and
behavior resulting in phobic avoidance™. PD therefore
is often accompanied by agoraphobia and other mental
disorders'.

With regard to the pathogenesis of PD, several cog-
nitive, behavioral and neurobiological theories have
been developed”™!. Gorman et a/'"” introduced a
neuroanatomical model that was aimed at integrating
the different views of PD as either a biological or a
psychological disease. The authors suggested experi-
ments to test their theories. Later, they provided a
revised version of their model™*!. Since its inception,
this neuroanatomical model has stimulated and greatly
influenced research in PD - primarily in the field of
neuroimaging studies.

According to Gorman et al'® three components of
PD: (1) acute panic attacks, (2) anticipatory anxiety; and
(3) phobic avoidance are located in three specific sites of
the CNS: The brainstem, limbic system, and prefrontal
cortex. These three neural systems were suggested
to be structurally and functionally closely connected,
reflecting manifold interactions of the three mentioned
clinical features. Hence, according to Gorman et a*®
different treatments for PD and agoraphobia not only
affect different symptoms of the illness but also different
parts of the brain. Thus, according to the authors,
antipanic drugs like tricyclic antidepressants (TCAs) or
monoamine oxidase inhibitors (MAOIs) block brainstem-
provoked panic attacks; benzodiazepines and relaxation
training reduce anticipatory anxiety via the limbic
system, and desensitization and cognitive therapies
relieve phobic avoidance by influencing functions of the
prefrontal cortex. In our opinion it is notable that both
psychopharmacological and psychotherapeutic treat-
ments are put on the same level by being conceptualized
to act directly on specific neural networks. Therefore the
neuroanatomical model proposed by Gorman et af*”
successfully integrates biological and psychological facets
of PD.

In the revised version of their hypothesis, Gorman
et al™' suggest that the behavioral symptoms of PD
are mediated by a “fear network” in the brain, which
is centered in the amygdala and includes the hippo-
campus, thalamus, hypothalamus, the periaqueductal
gray (PAG) region, locus coeruleus (LC), and other
brainstem sites. This theory states that patients with
PD have a decreased threshold for the activation of the
fear network. Excessive activity in this network leads
to autonomic and neuroendocrine activation through
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projections from the amygdala to the brainstem and
hypothalamus, resulting in typical PD symptoms. The
lateral nucleus of the amygdala receives afferents from
cortical regions involved in processing and evaluating
sensory information. According to Gorman et a/'*!!
abnormal functioning in these cortical areas could
potentially result in the misinterpretation of sensory
information (bodily cues), leading to an inappropriate
activation of the fear network via misguided excitatory
input to the amygdala. The authors propose that ac-
tivation of the fear network as a result of cognitive
misinterpretations could lead to the release of certain
neurotransmitters that can cause autonomic behavioral
responses related to PD. These responses include an
increase in respiratory rate, increases in blood pressure,
heart rate, defensive behaviors and postural freezing.
Thus, processes at the biological level can directly lead to
behavioral symptoms!*!., With regards to drug therapy in
PD, Gorman et af*! not only stated that antidepressants
exhibit their antipanic effects via the brainstem, as
proposed in their original model™®, but also that therapy
with SSRIs might act directly on the limbic system
(in particular on the central and lateral nuclei of the
amygdala; please see section “The role of serotonin”)!".
In light of the above, it is intriguing that recent antide-
pressant medications seem to be able to enhance
neuroplasticity mechanisms and adult neurogenesis in
the hippocampus and even in the prefrontal cortex™?.
Therefore, due to its unique characteristics, the novel
antidepressant agomelatine might also be effective
in PD. Preliminary studies have provided encouraging
results regarding effectiveness and tolerability of this
substance, although it has to be noted that agomelatine
is not yet approved for the treatment of PD!****,

One of the most important techniques of the neuro-
anatomical approach to PD is to perform neuroimaging
studies on the brain regions that are supposedly active
during panic attacks. Today, there are numerous neuro-
functional, neurostructural, and neurochemical studies
that have demonstrated the significant role of certain
structures in the fear network™ %,

A promising new research method is “imaging
genetics”. In this approach genetic information and
functional magnetic resonance imaging (fMRI) data
are combined in the same subject to define neuro-
mechanisms linked to genetic variation'®. Imaging
genetics studies are of major importance for the adjust-
ment and refining of the neuroanatomical model,
because genetic risk variants may partly drive fear
network activity in PD™. The aim of this review is to
provide a comprehensive overview of the most signifi-
cant findings in the field of the functional and structural
neuroanatomy of PD. Because of the wide range of
this topic, we will focus on recent studies. With regards
to prior studies (published before January 2012), we
refer to previously published review articles, e.g.m> ™,
However, a complete and exhaustive presentation of all
relevant studies is infeasible and certainly beyond the
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scope of this work.

MATERIALS AND METHODS

We searched the electronic database PubMed for neuro-
structural, neurofunctional, and neurochemical studies
on PD that were published in the period between
January 2012 and April 2016. The search was conducted
using the following search terminology: “(Panic
disorder) and [functional magnetic resonance imaging
(fMRI) or diffusion tensor imaging (DTI) or positron
emission tomography (PET) or single-photon emission
computed tomography (SPECT) or magnetic resonance
spectroscopy (MRS) or near-infrared spectroscopy
(NIRS) or imaging genetics or serotonin or norepine-
phrine or noradrenaline or locus coeruleus or dopamine
or hypothalamic-pituitary-adrenal (HPA) axis or insula]”.
The total number of publications found by the PubMed
research was 457 (fMRI: 94; DTI: 2; PET: 5; SPECT:
5; MRS: 11; NIRS: 2; imaging genetics: 21; serotonin:
137; norepinephrine: 19; noradrenaline: 28; locus
coeruleus: 3; dopamine: 8; HPA axis: 23; insula: 99).
The total number of publications after screening for topic
was reduced to 281 (fMRI: 88; DTI: 2; PET: 3; SPECT: 1;
MRS: 8; NIRS: 1; imaging genetics: 17; serotonin: 106;
norepinephrine: 11; noradrenaline: 4; locus coeruleus: 2;
dopamine: 2; HPA axis: 16; insula: 20). The remaining
281 studies were screened for duplicates and finally
evaluated for eligibility. Subsequently, a secondary
search was conducted that involved a broad review of
potential neuroimaging studies by carefully perusing
through the citation lists of the retrieved articles.
Thereafter, a final screening of the retrieved articles was
performed to ensure that the focus of the articles was
within the scope of the present review. The literature
search was conducted both jointly and independently
by the authors (TS, GW). Finally, 76 studies published
between January 2012 and April 2016 were included in
this review.

RESULTS

Functional neuroimaging studies

Resting state studies: Only a few studies investigated
neural functional connectivity pattern using resting state
functional magnetic resonance imaging (rs-fMRI) in
patients with PD. In one of these studies, Pannekoek et
al*® examined differences in the resting-state functional
connectivity (RSFC) of the amygdala, dorsal anterior
cingulate cortex (dACC) as well as posterior cingulate
cortex (PCC) among 11 patients with PD and 11
healthy controls. They mainly found an increased RSFC
between the amygdala and the bilateral precuneus as
well as altered RSFC between dACC and frontal, parietal
and occipital areas. Lai et a***” reported abnormalities
in 30 first-episode medication-naive patients with PD
compared to 21 matched controls using different rs-fMRI
parameters. They observed right-lateralized altered local
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fractional amplitude of low frequency fluctuations (fALFF)
signal in the occipital cortex, putamen and thalamus in
PD patients®"l, ALFF represents the strength or intensity
of low frequency oscillations in the BOLD (i.e., blood-
oxygen-level dependent) signal. The fractional ALFF
represents the ratio of the amplitude in a low frequency
band to the amplitude in the total frequency band. The
authors also observed abnormal regional homogeneity
in the occipital cortex of PD patients compared to
controls® and decreased inter-hemispheric functional
coordination (based on the voxel-mirrored homotopic
connectivity) in PD patients in the PCC and precuneus.

Shin et a®* combined rs-fMRI and magnetic re-
sonance spectroscopy (MRS) techniques to investigate
the functional connectivity of the perigenual ACC in
11 patients with PD and whether or not it is mediated
by the local gamma-aminobutyric acid (GABA) con-
centration. Patients showed increased RSFC between
ACC and precuneus. This functional connectivity nega-
tively was correlated with the GABA concentration of the
ACC.

Provocation studies: As extensively described in a
recent review by Dresler et al''**, the most consistent
differences between patients with PD and healthy
controls yielded by provocation studies were found in
the cingular, insular, frontal and brainstem areas. An
electronic search of PD provocation studies between
2012 and 2016 returned only one additional investi-
gation. Goossens et al*>! studied the effects of hyper-
capnia on the brainstem BOLD signal in 15 patients with
PD using fMRI. Three brainstem regions were defined
as regions of interest (ROI) due to their putative involve-
ment in panic and chemosensitivity: The PAG, the raphe
nuclei and the LC. The authors demonstrated increased
brainstem activation, i.e., located in the rostral raphe
ROI in response to hypercapnia compared to 12 healthy
controls and 15 healthy divers. However, a limitation of
this study is a rather low voxel resolution, which limits
the ability to differentiate between closely situated
brainstem nuclei.

Nevertheless, this study provides further support
for the significant role of specific brainstem nuclei in
triggering panic attacks.

Motor, sensory and cognitive tasks
Investigating auditory habituation by means of fMRI,
Pfleiderer et al® reported an increased activity of
superior temporal and frontopolar cortex in 20 PD
patients during the third block of auditory stimulation
when compared to 20 healthy controls, as well as
a positive correlation of these regions with anxiety
measures.

Using fMRI, Wintermann et al*”! studied a sample of
13 patients with PD both with and without agoraphobia,
and 13 healthy controls while olfactorily stimulating
their senses with stress-related sweat odors as well
as artificial odors and non-fearful non-body odors.
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Although PD patients did not differ from HC regarding
their olfactory identification ability, patients showed an
increased activation in the superior temporal gyrus, the
supramarginal gyrus, and the cingulate cortex for sweat
odor caused by ergometric exercise. Presenting sweat
odor from the anxiety condition, PD patients showed an
increased activation in the inferior frontal gyrus (IFG),
which was positively correlated with the severity of
the psychopathology. By means of a pH-sensitive MRI
strategy Magnotta et a*® investigated brain pH in 13
PD patients, which has been suggested to play a critical
role in PD. Greater activity-evoked (visual flashing
checkerboard) T1 rho changes, indicating pH changes
in the visual cortex and ACC in patients compared to 13
HC, were detected.

Emotional processing
In order to understand the neurobiological under-
pinnings of PD, functional neuroimaging studies have
often investigated the neurobiological bases of anxiety
using paradigms focusing on activation correlates
of stimuli with direct diagnostic relevance to PD. For
example, panic-related pictures are presented to people
suffering from PD to study the neural underpinnings of
threat processing in this group™.

In the present review, studies will be presented
divided in paragraphs for the modality of stimulation
(i.e., pictorial stimuli, word stimuli, conditioned stimuli).

Emotional processing - pictorial stimuli

By means of fMRI, Gorka et al®” investigated insular
response to unpredictable aversiveness using negative or
neutral images selected from the International Affective
Picture System in 13 PD patients with comorbid major
depressive disorder (MDD). Patients with PD exhibited
greater bilateral insula activation to unpredictable
aversiveness compared with 19 healthy controls and
9 control patients with MDD only. This study highlights
the specific role of the insula in the pathophysiology
of anxiety disorders. Wittman et a/*"! investigated the
neural correlates of the anticipation of agoraphobic
situations in 72 PD patients with agoraphobia using
agoraphobia-specific and neutral pictures presented with
and without anticipatory stimulus. Stronger activations
were observed in the bilateral ventral striatum and left
insula in patients compared to 72 controls during the
anticipation of agoraphobia-specific pictures.

Engel et al®*¥ used pictures showing characteristic
panic/agoraphobia situations to investigate activation
differences in 19 PD patients in the predefined ROlIs,
i.e., prefrontal, cingulate, and insular cortex, and the
amygdalo-hippocampal complex. Greater activation
in PD patients than in 21 controls was detected in the
insula, left IFG, dorsomedial prefrontal cortex (DMPFC),
the left hippocampal formation, and left caudatum,
when panic-related and neutral scenes were compared.

In a very recent fMRI study, Feldker et al® pre-
sented panic-related and neutral visual scenes to
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26 PD patients to study the neural underpinnings of
threat processing. Similarly to the results found by
Engel et al*®, patients showed hyperactivation in an
extended fear network comprising the brainstem,
insula, thalamus, ACC, midcingulate cortex and DMPFC
for disorder-related vs neutral scenes, compared to 26
healthy controls. No significant amygdala differences
between groups could be found. Subjective levels of
anxiety significantly correlated with brainstem activation
in PD patients.

Interestingly, Liebscher et a**! very recently showed
that successful cognitive-behavioral therapy (CBT) led to
a greater decrease in anxiety symptoms and associated
reduction in bilateral amygdala activation during pro-
cessing of agoraphobia-related pictures compared to
the patients receiving antidepressants and a wait-list
control group.

Four recent studies investigated the neural activation
in patients with PD during processing of emotionally
neutral and disorder-specific faces. Ottaviani et a/*¥
studied amygdala response to masked fearful faces
as well as only to faces containing low range of spatial
frequencies (LSF) in PD in 13 PD patients. In contrast
to 15 healthy controls, patients failed to show bilateral
amygdala activation to fearful masked faces vs neutral
faces. LSF faces did not elicit an amygdala response
in patients or controls. Demenescu et al*® examined
amygdala fMRI activation and its connectivity with
the medial prefrontal cortex during emotional face
perception in 14 patients with PD and 17 patients with
social phobia. Patients with PD, but not those with social
phobia showed hypoactivation in the amygdala and
lingual gyrus during perception of angry, fearful, happy
and neutral faces, compared to 16 healthy participants.
The authors also found a positive correlation between
degree of anxiety symptoms and functional connectivity
of the amygdala to dACC and to DMPFC during per-
ception of fearful faces.

Petrowski et al®® investigated the neural activation
of emotionally neutral faces and places in 15 PD patients
with agoraphobia. Patients showed decreased neural
activation in the occipital cortex and the cerebellum,
and increased activation in the precuneus compared
with 15 healthy controls.

Poletti et al®” applied in their fMRI study a face-
matching paradigm to 18 outpatients with PD to study
the neural correlates of implicit emotional processing
of fearful or angry affective facial expressions. The
authors performed a correlational analysis and showed
a positive relationship between anxiety sensitivity and
fMRI activation during emotional processing in the
a-priori defined ROIs, i.e., the DMPFC, ACC and insula,
but not in the amygdala.

Emotional processing - word stimuli

Only two recently published studies (from 2012 till
2016) used word stimuli to investigate altered functional
activation in PD patients.
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In an fMRI study with 20 PD patients, Dresler et
al® applied an emotional Stroop task with panic-
related and neutral words. On the behavioral level, PD
patients showed a significant emotional Stroop effect
(panic-related compared to neutral words), which, on
the neural level, was accompanied by increased BOLD
signal in the left IFG compared to 23 healthy controls.
van Tol et al®® used fMRI to examine neural activation
during the performance of an emotional word encoding
and recognition paradigm in 51 patients with MDD,
59 patients with comorbid MDD and anxiety, and 56
patients with PD and/or social anxiety disorder without
comorbid MDD. Both groups of patients, i.e., with MDD
and PD showed a common hyporesponse in the right
hippocampus during positive word encoding compared
with 49 control subjects. During negative encoding,
altered insular, amygdala and ACC activation was
observed in depressed patients only. During positive
word recognition, only PD patients showed increased
IFG activation.

Emotional processing - conditioned stimuli

In an fMRI study by Tuescher et af'*!, 8 PD patients,
8 posttraumatic stress disorder patients and 8 healthy
controls learned to associate specific neutral stimuli with
either a safe or threat context indicating the possibility
of an electrical shock. In comparison to the other two
groups, PD patients demonstrated significantly less
activation in response to the “threat” condition and
increased activation in response to the “safe” condition
in the subgenual cingulate cortex, ventral striatum,
amygdala, and in the PAG.

Lueken et al*! investigated neural activation pat-
terns in 60 patients with PD and agoraphobia during
a fear conditioning task. Differential conditioning was
associated with enhanced activation of the bilateral
IFG, whereas simple conditioning and safety signal
processing were related to increased midbrain activation
in patients with PD and agoraphobia vs 60 healthy
controls. Anxiety sensitivity was positively associated
with the magnitude of midbrain activation.

In a randomized, controlled, multicenter clinical
trial Kircher et al*”! investigated the effects of cognitive
behavioral therapy (CBT) and brain activation during
fear conditioning in 42 medication-free patients with PD
and agoraphobia. After CBT, patients revealed reduced
activation for the conditioned response (CS* > CS’) in
the left IFG compared to control subjects, which was
correlated with reduction in agoraphobic symptoms.
Patients also demonstrated increased functional con-
nectivity between the IFG and amygdala, insula, as well
as ACC after CBT.

Emotional processing - internal triggers of fear

The hypothesis of an increased attentional focus in PD
towards bodily symptoms and their neural correlates
was tested in a study by Pfleiderer et a***! in a group at
risk for PD, i.e., 24 healthy female students with high
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levels of anxiety sensitivity. In contrast to 24 females
with normal levels of anxiety sensitivity, the highly
anxiety-sensitive group reported higher arousal scores
and higher activation during interoception (attention
on the heartbeats) in a network of cortical, i.e., frontal,
motor regions and subcortical brain regions, i.e., claus-
trum, thalamus, amygdala, parahippocampus that
overlaps with known fear circuitry structures.

Brief summary: Even if not always consistent, fun-
ctional studies suggest abnormal activation mainly in
an extended fear network comprising brainstem, insula,
anterior and midcingulate cortex and lateral as well
as medial parts of the prefrontal cortex. Interestingly,
differences in amygdala activation were not as con-
sistently reported as one would predict from the hypo-
thesis of Gorman et af**.

Structural neuroimaging studies

Previous structural neuroimaging data in PD using a
manual tracing of ROI as well as using an automated
voxel-based morphometry (VBM) technique showed
changes in total and in gray matter (GM) volume in
limbic structures, e.g., in the amygdala, hippocampus,
in frontal, cingulate and temporal cortical areas, in the
basal ganglia, and in the brainstem structures, such
as midbrain and rostral pons (comprehensive review
of structural findings in PD until 2012 by e.g.m™*").
Regarding the latter finding, Fujiwara et a/*! also
showed increased midbrain volume in 38 PD patients
compared to the control group of 38 matched healthy
subjects.

With regard to subcortical structures, Kartalci et
al*® reported that 27 patients with PD had significantly
smaller pituitary volumes compared to 27 healthy
subjects. In particular, patients with agoraphobia had
a significantly smaller pituitary volume than patients
without agoraphobia. In addition, Terlevic et a/*”
observed decreased hypothalamic volumes in 12
patients with generalized anxiety disorder, but not in
those with PD (11 patients) compared to 21 healthy
controls.

A cortical area often studied in PD and known for
its reciprocal connections with the amygdala is the
orbitofrontal cortex (OFC). Atmaca et al*® detected
significantly smaller left OFC volumes in 20 PD patients
compared with 20 healthy controls. Lai et at*®' showed
in 30 first-episode, drug-naive and late-onset PD
patients lower GM volumes in left OFC, as well as in
the left IFG, left superior temporal gyrus and in the
right insula compared to 21 healthy controls. Na et
al®” showed decreased GM volume in the left medial
OFC in only 12 patients with both PD and agoraphobia
compared to 22 healthy control subjects, but not in the
10 patients with PD and without agoraphobia nor in in
the total sample.

Considering the white matter (WM) abnormalities
in PD, the first study to investigate the WM integrity by

Baishidenge ~ WJP | www.wjgnet.com

Sobanski T et a/. Functional neuroanatomy in panic disorder

17

applying the DTI technique revealed higher structural
integrity in terms of greater fractional anisotropy (FA)
values in the cingulum bundle®™. In a recent study
with 30 first-episode, medication-naive and late-onset
PD patients, Lai et al®® showed reduced integrity in
WM tracts of the right inferior fronto-occipital fasciculus
(IFOF), left body of corpus callosum and left superior
longitudinal fasciculus (SLF) when compared to 21
controls. Kim et al®® reported no significant difference
in WM integrity between 26 PD patients and 26 healthy
controls. However, the authors showed increased right-
lateralized FA in posterior thalamic radiation, posterior
and superior corona radiata, SLF, and sagittal stratum in
catechol-O-methyltransferase (COMT) AA/AG genotype
group compared to GG genotype in PD.

Kim et al®¥ reported decreased FA in frontal WM
and the genu of the corpus callosum in 36 short-term
medicated patients with PD compared to 27 healthy
controls.

Furthermore, increased structural integrity in the
internal capsule, corpus callosum, superior and posterior
corona radiata, thalamic radiations, sagittal stratum,
and SLF were detected in 12 PD patients with a suicide
attempt compared to 24 PD patients without suicidal
attempt™. However, due the lack of a healthy control
group, this result is difficult to interpret.

Very recently, Lai et al*® compared 53 medication-
naive patients with 1¥-episode PD, 53 medication-naive
patients with 1%-episode MDD and 54 healthy controls
with regard to the WM integrity. The PD group had lower
integrity in bilateral superior longitudinal fasciculi and left
IFOF when compared to controls, whereas MDD patients
revealed reductions in the WM integrity when compared
to controls in the bilateral superior longitudinal fasciculi,
inferior longitudinal fasciculi, inferior fronto-occipital
fasciculi, and corpus callosum. The MDD group had
lower WM integrity than the PD group in the left anterior
thalamic radiation, left uncinate fasciculus, left IFOF, and
bilateral corpus callosum.

Using VBM, Konishi et al®”! demonstrated in 40 PD
patients significant volumetric reductions in widespread
WM regions including fronto-limbic, thalamo-cortical and
cerebellar pathways compared to 40 healthy controls.

One structural imaging study investigated cortical
gyrification in PD and detected significant reduction in
gyrification in 23 patients with PD in the lateral brain,
extending from the fronto-parietal to the temporal areas
compared with 33 healthy individuals®®.

Schwartz et al*® demonstrated a significant relation-
ship between behavioral inhibition and hippocampal
structure. Behavioral inhibition in childhood predicted
reduced hippocampal volumes in adolescents who were
offspring of parents with PD or PD with comorbid major
depression, suggesting a role of the hippocampus in
anxiety disorder. Trzesniak et al**” was one of the first to
use proton magnetic resonance spectroscopy imaging
[(1)H-MRSI] to examine possible neurochemical abnor-
malities in the hippocampus in PD. Compared with 18
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controls, twenty-five PD patients demonstrated signifi-
cantly lower NAA/Cr in the left hippocampus.
Interestingly, Shinoura et a®" reported in a case
report study that damages to the dorsal part of the
ACC led to repeated panic attacks, indicating that this
structure might play an important pathophysiologic role

in PD.

Brief summary of structural findings: Previous and
recent neurostructural findings indicate the presences of
structural neuroanatomical alterations in PD in multiple
cortical, subcortical and brainstem areas. Studies
on WM also revealed significant abnormalities in the
structural connectivity between these regions.

Neurochemical alterations in PD

The role of serotonin: It is well established that PD
responds to drugs that increase serotonergic function,
such as certain TCAs, inhibitors of monoamine oxidase
(classical MAQOIs), selective serotonin reuptake inhibitors
(SSRIs), and serotonin-norepinephrine reuptake inhi-
bitors SNRIs®®?, The SSRIs are now generally accepted
as the first-line pharmacological treatment for PD'"?,
Therefore, there is clear evidence for an important role
of serotonin in the pathophysiology of PD that has led
to extensive research - predominantly in neuroimaging
and animal studies. According to Gorman et al''"! the
anxiolytic effect of SSRIs is mediated by at least three
mechanisms: (1) inhibitory serotonergic projections from
the raphe nuclei downregulate the activity of noradrener-
gic neurons in the LC™®". The authors concluded that
SSRIs, by increasing serotonergic activity in the brain,
have a secondary effect of decreasing noradrenergic
activity. This would lead to an amelioration of the somatic
symptoms of panic attacks; (2) the projection of the
dorsal raphe (DRN) neurons to the PAG is thought to
modify defense/escape behaviors. As derived from
animal studies, stimulation of the DRN markedly
increases serotonin release in the dorsal PAG region,
resulting in diminished activity in this brain area'®
associated with reduced defense/escape responses,
i.e., reduced propensity for panic-like reactions; and
(3) as a third point, Gorman et al'' state that long-
term treatment with an SSRI may reduce hypothalamic
release of corticotropin-releasing factor CRF®®, CRF,
which leads to adrenal cortical production of cortisol, is
also a neurotransmitter in the CNS and has been shown
to increase fear in preclinical models™®”. CRF enhances
activity of the LC, when administered directly into the
brain®®!, Furthermore, as stated by Gorman et a/*"
SSRIs seem to have an effect on the central nucleus of
the amygdala itself. Serotonergic neurons originating in
the dorsal and medial raphe nuclei project directly to the
amygdala via the medial forebrain bundie®®, Moreover,
serotonergic neurons modulate sensory input at the
lateral nucleus of the amygdala, inhibiting excitatory
inputs from glutamatergic thalamic and cortical path-
ways!®. According to Gorman et af'"! this might be one
of the major mechanisms for the anxiolytic action of the
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SSRIs.

Neumeister et al’*! used PET to study serotonin
type 1A (5-HT1A) receptor binding in 16 patients with
PD and 15 matched healthy controls. PD patients
showed lower values in the anterior and posterior
cingulate cortex (PCC) as well as in the raphe nuclei.
For the first time, this study provided in vivo evidence
for the involvement of serotonin type 1A receptors in
the pathophysiology of PD. Nash et a/’? performed
a 5-HT1A receptor binding study in PD patients at
different stages of therapy. Nine drug-naive patients
with PD, 7 patients who had recovered on SSRI
medication and 19 healthy volunteers underwent a
single PET scan. In untreated patients, both presynaptic
and postsynaptic 5-HT1A receptor binding was reduced
predominantly in the raphe nuclei, OFC, temporal cortex
and amygdala. In recovered patients, presynaptic
binding was also reduced, but there was no significant
reduction in postsynaptic binding. Maron et a/l’*!
investigated the binding of the serotonin transporter
(SERT) in patients with PD by SPECT. The authors
reported a significant decrease in SERT binding in the
midbrain, in the temporal lobes and in the thalamus
in 8 acute PD patients, but not in 8 remitted patients
in comparison to matched controls. Regional SERT
binding was negatively correlated with the severity of
panic symptoms. In a further SERT binding study of PD,
Maron et a”¥ reported increased binding potential of
the serotonin transporter in the raphe nuclei and several
cortical areas. These findings were observed in male
patients, but not in females. The authors concluded that
distinctive functioning of the serotonin system in male
and female PD patients might underlie the gender-
dependent expression of the disease.

Given the fact that several neurochemical studies
revealed altered 5-HT function in the raphe nuclei, it is
noteworthy that structural abnormalities of this area
have also been very recently reported. Silhan et al”®
detected reduced brainstem raphe echogenicity in 26
patients with PD by transcranial sonography (TCS). TCS
of the raphe nuclei indicated the diagnosis of PD with
a sensitivity of 64% and a specificity of 73%. These
findings are suggestive of structural disintegration of
the brainstem raphe in PD, an anatomical region, that
has also been assumed to be a biological focus in the
pathogenesis of depression!”®.

Deakin et al’”! proposed a hypothesis suggesting
that different subpopulations of serotonergic neurons
in the dorsal and median raphe nucleus through
topographically organized projections to different brain
regions are involved in the pathophysiology of anxiety
and affective disorders. These different subpopulations
of serotonergic neurons included: (1) serotonergic
neurons within the DNR projecting to the dorsal PAG
that inhibit innate panic-/escape-like physiological and
behavioral responses; (2) serotonergic neurons within
the dorsal raphe nucleus projecting to the amygdala,
that facilitate conditioned fear and conflict anxiety-like
responses; and (3) serotonergic neurons within the
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median raphe nucleus that increase stress resilience
and mediate antidepressant-like effects. This concept
partly overlaps with the model developed by Gorman et
al", The Deakin/Graeff hypothesis still is a cornerstone
that stimulates most recent research in PD.

Spiacci et al’® investigated whether or not the enhan-
cement of 5-HT-mediated neurotransmission within
the dorsal PAG affects panic-like defensive reactions in
rats submitted to a hypoxia challenge. Intra-dorsal-PAG
injection of serotonin, a 5-HT1A receptor agonist or a
5-HT2A agonist reduced the number of upward jumps
during hypoxia, interpreted as escape attempts. These
effects were similar to those caused by chronic, but not
acute, intraperitoneal administration of the antidepressant
fluoxetine, or acute systemic administration of the ben-
zodiazepine receptor agonist alprazolam. These obser-
vations confirm that the dorsal PAG is a key region
involved in panic-like defensive behaviors. In a sub-
sequent study, the authors demonstrated that serotoner-
gic neurons of the lateral wings of the DRN (one of the
five subnuclei of the DRN) are primarily involved in the
mediation of PD-associated responses’’?,

While the function of the DRN in the regulation of
panic-like defense behaviors is well understood, the
median raphe nucleus has received less attention.
Generally, evidence derived from animal studies points
to a relevant role of this raphe nucleus in the regulation
of anxiety, but not of panic. This can be achieved
through the serotonergic pathway that rises from the
MRN to the dorsal hippocampus®. Alternatively, the
DRN seems to participate in both anxiety and panic.
Interestingly, the regulation of anxiety by the dorsal
and median raphe serotonergic pathway is carried out
through different target structures - the amygdala,
dorsal PAG and ventral hippocampus in the case of the
DRN, and the dorsal hippocampus in the case of the
median raphe nucleus. Because these structures have
different functional profiles, it is conceivable that different
aspects of anxiety are underpinned by each of them. In
this regard, Gray et af®”! have argued that the amygdala
may underpin the neurovegetative arousal and affective
components of anxiety, whereas the dorsal hippocampus
may regulate cognitive manifestations, such as worry.
This suggestion is supported by the reported interaction
between the dorsal hippocampus and the prefrontal
cortex underpinning fear learning and memory™®*®,
According to a recent study by Ohmura et al’®® the
ventral (anterior part in humans) hippocampus may be
involved in inappropriate retrieval of fear memory in PD.
By microinjection of a 5-HT7 receptor antagonist into
a rat’s ventral hippocampus, the expression of freezing
behavior - an index of fear memory retrieval - was
significantly suppressed. The authors argue that the
5-HT7 receptor might be a target of drug development
for the treatment of PD.

Brief summary: A major role of serotonin in the path-
ophysiology of PD has been deduced from the thera-
peutic effects of serotonergic drugs. In accordance
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with this hypothesis, studies on 5-HT1AR and SERT
binding have revealed altered and mostly reduced
serotonergic activity in the raphe nuclei, orbitofrontal
cortex, temporal lobes, ACC and PCC, amygdala, and
hypothalamus in patients with PD. In the course of
therapy with SSRIs, postsynaptic alterations seem
to decline, while the presynaptic changes persist.
In addition to these functional alterations structural
abnormalities, e.g., disintegration of the raphe nuclei in
the brainstem have also been described. Serotonin is
synthesized primarily in the dorsal and median raphe
nuclei. There is evidence from preclinical studies, that
efferent inputs of dorsal raphe neurons may moderate
panic-like defensive behaviors by controlling the activity
of the dorsal PAG.

Alterations of the noradrenergic system

Much research into the neurochemistry of PD has
explored the function of the monoamine transmitter
noradrenaline. The noradrenergic system plays an
important role by regulating the attentional alerting
system that prepares and sustains alertness to process
high priority signals®®, Noradrenergic transmission is
closely linked to the serotonergic system and to the
HPA axis, and therefore mediates between central
arousal and the peripheral physical reactions. According
to Gorman et al''"! the response to sensory input for
the conditioned stimuli is carried out by amygdalar pro-
jections. Efferents of the central nucleus of the amyg-
dala are directed to the LC, resulting in an increase in
noradrenaline release and contributing to increases
in blood pressure, heart rate, and the behavioral fear
response'®, Recent studies in anxiety disorders and
particularly in PD revealed higher baseline noradrenaline
secretion and increased reactivity to challenges of
the noradrenergic system™®®, It has furthermore
been suggested that the noradrenergically mediated
attentional alerting system is particularly active in states
of anxiety®™®, The assumption of an important role of
noradrenergic transmission in the pathophysiology of
PD has recently been confirmed by genetic studies that
revealed an association between PD and variation in
genes modulating the noradrenergic system, such as
the COMT®™, the monoamine oxidase A (MAOA)*®? and
the norepinephrine transporter (VET)“***! genes.

Brief summary: The noradrenergic system plays an
important role by regulating the attentional alerting
system, which exhibits increased activity during states
of anxiety. Noradrenergic transmission is closely
linked to the serotonergic system and to the HPA
axis, and therefore mediates between central arousal
and peripheral physical reactions. Neurochemical
studies have revealed higher baseline noradrenaline
secretion and increased reactivity to challenges of
the noradrenergic system in patients suffering from
PD. Recently, genetic studies have demonstrated that
there is an association between PD and variations in

March 22,2017 | Volume 7 | Issuel |



Sobanski T et a/. Functional neuroanatomy in panic disorder

COMT, MAOA, and NET genes, thus underlining the
high importance of noradrenergic transmission in the
pathophysiology of PD.

The role of GABAergic neurotransmission
Benzodiazepines are among the most potent and
powerful anxiolytic agents™®®, These drugs act through
an enhancement of gamma-aminobutyric acidergic
(GABAergic) inhibition targeting the GABA receptor™”.
This fact, along with the results of several neurochemical
studies, point towards a major role of the GABA system
in the pathophysiology of PD. Thus, anticipatory anxiety
and panic attacks might be triggered by a decreased
GABAergic inhibition in distinct brain regions. In this
light, decreased GABA receptor binding or reduced
GABA activity (MRS studies) has been reported mostly
in frontal, limbic, temporal and respectively insular
regions. However, results are inconsistent, as some
authors observed reciprocal effects like increased GABA
receptor binding in patients with PD (cf. comprehensive
review articles by, e.g.™>**). In a recent study, Long
et al®® investigated GABA levels in different cerebral
regions by MRS. Eleven PD patients, including five with
PD family history, six without PD family history and
eight healthy controls participated in the study. The
authors observed decreased GABA activity in the ACC/
medial prefrontal cortex in PD patients, which tended to
be more pronounced in patients with PD family history.

However, some methodological limitations of the
abovementioned studies have to be taken in account.
Firstly, spectroscopic studies still lack a sufficient image
and spectral resolution as well as discriminatory power
of ROIs. Secondly, it has not yet been proven that the
results are specific for PD. In our opinion it would be
advisable to include psychiatric comparison groups.
Schiir et al™® pointed out that the inhibitory GABA
system is thought to be involved in the etiology of
several psychiatric disorders. The authors therefore
performed a meta-analysis including a total of 40
MRS studies in seven different psychiatric disorders
(n = 1.591). Brain GABA levels were lower in autism
spectrum disorders and in depressed - but not in
remitted - patients compared with healthy controls.
No significant differences in GABA levels were found in
PD (n = 81). In conclusion, alterations of GABAergic
function in PD are still a matter of debate and also their
specificity remains questionable.

Brief summary: The results of several neurochemical
studies point towards an involvement of the GABAergic
system in the etiology of PD. Decreased GABAergic
inhibition was reported in limbic, frontal, temporal, and
respectively insular regions. Unfortunately, the findings
regarding the GABAergic system are partly inconsistent
and may not be specific for PD.

Alterations of glutamatergic neurotransmission
There is some evidence derived from animal studies
that an excitatory-inhibitory imbalance might play a role

Roishidenge ~ WJP | www.wjgnet.com

20

in the pathophysiology of PD"®", Glutamate is the main
excitatory neurotransmitter in the mammalian cortex
while GABA is the main inhibitory neurotransmitter.
Glutamate is the metabolic precursor of GABA, which
can be recycled through the tricarboxylic acid cycle to
synthesize glutamate!'®?. As has already been stressed
in the previous section, some studies point towards
decreased activity of the inhibitory GABA system in
patients with PD, although results of the available studies
are inconclusive. Glutamate deploys its excitatory action
via binding with N-methyl-D-aspartate and alpha-
amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid
receptors, which are predominantly located in the
cortical and limbic structures™™®!. According to animal
studies, glutamatergic neurotransmission in the lateral
nucleus of the amygdala (LA) is involved in fear-
conditioning and extinction™®", Until now, only a few
studies have investigated the possible role of glutamate
in PD.

Zwanzger et al™®" studied the effects of chole-
cystokinin-tetrapeptide (CCK-4)-induced panic on brain
glutamate plus glutamine (GIx) levels in eighteen healthy
subjects by MRS. The authors reported an increase of
Glx/creatine levels in the bilateral ACC peaking at 2-10
min after administration of a challenging task. Moreover,
HPA axis stimulation was monitored while a significant
increase in plasma cortisol was observed throughout
the challenge. Maddock et al'*® investigated changes
in glutamate plus glutamine in twenty-one PD patients
(thirteen remitted, eight symptomatic) and twelve
healthy control subjects. MRS was used to measure
Glx changes in the visual cortex induced by visual
stimulation. PD patients had smaller GIx responses
than healthy control subjects, regardless of whether
they were acutely ill or remitted. The authors conclude
that their results contradict the assumption of a general
upregulation of brain metabolic responses in PD.

Preclinical data have suggested that GABA and
glutamate neurotransmission are modulated by the
neuropeptide S (NPS) system. NPS receptors are widely
distributed in the central nervous system with highest
expressions in the cortex, thalamus, hypothalamus and
the amygdala'®. Polymorphisms of the NPS receptor
gene might genetically drive altered fear circuit function
and therefore increase the risk of PD in humans. Ruland
et al"™! performed a study of CCK-4-induced panic
on brain GIx levels and enrolled thirty-five healthy
volunteers with functional neuropeptide S receptor
gene (NPSR1) rs324981 A/T variants. MRS during
the challenge revealed significantly lower increases of
GIx/Cr levels in T risk allele carriers as compared to
AA homozygotes in bilateral ACC. These results of a
blunted and possibly maladaptive ACC glutamatergic
reactivity in T allele carriers are in accordance with the
assumption that the NPS system conceivably plays an
important role in the pathophysiology of PD.

Brief summary: Glutamate is the main excitatory
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neurotransmitter in the mammalian cortex. Preclinical
studies have suggested that an excitatory-inhibitory
imbalance of the glutamatergic and GABAergic systems
might play a role in the etiology of PD. Glutamatergic
neurotransmission in the amygdala is thought to be
involved in fear-conditioning and extinction. The results
of animal studies have further suggested that gluta-
matergic and GABAergic transmissions are modulated by
the NPS system. NPS receptors are widely distributed in
the central nervous system with highest expressions in
the cortex, thalamus, hypothalamus and the amygdala.
In a recent imaging genetic study, blunted glutamatergic
ACC response due to CCK-4-induced panic was reported
in NPSR1 risk allele carriers.

Imaging genetics

During the past decade, studies on the genetic basis of
PD have focused on genes related to classical neurotrans-
mitters, mainly monoamines. More recently, other groups
of molecules have been identified, including genes
involved in neurodevelopment and synaptic plasticity.
More than twenty different genes were reported to
confer susceptibility to - or modulate the pathological
mechanisms of - PD"%, Identified genes belong to
different biological pathways and implicate inter alia the
serotonergic, noradrenergic, neuropeptidergic (e.g., NPS)
or glucocorticoid system. Imaging genetic studies, as
specified below, are designed to evaluate the impact of
genetic variations (polymorphisms) on cerebral function
in regions critical for PD. Most of the imaging genetic
studies used functional magnetic resonance imaging.
Some other studies assessed structural connectivity and
structural alterations by DTI and VBM.

Genetic variations of serotonin receptor 1A, SERT, and
MAOA

Evidence from preclinical and clinical research, includ-
ing genetic studies, pharmacological trials and neuroi-
maging, reveals a substantial impact of the serotonin
system and particularly the serotonin receptor 1A
(5-HT1AR) on the neurobiology of PD!M% yy
et al**"! performed an imaging genetic study by
investigating the impact of 5-HTR1A polymorphism on
WM connectivity within the cingulum bundle in PD. For
this purpose, 32 patients were examined by DTI. The
patients were divided into a CC genotype group and
a non CC genotype group (GG/CG genotype group)
with regard to the 5-HTR1A rs6295 polymorphism.
Tractography revealed significantly increased FA
values in the left cingulum bundle in the 5-HTR1A CC
genotype group compared to the GG/CG genotype.
The extent of this alteration was positively correlated
with the severity of symptoms that was assessed by
several rating scales. Another target of research is
the serotonin transporter (SERT) gene, which is also
hypothesized to be involved in the pathophysiology of
PD due to its identified polymorphisms!*?. According
to Bijlsma et a**! disturbance of SERT functioning
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leads to fear learning deficits. In a preclinical study,
the authors reported disrupted fear acquisition and a
concomitant increase in contextual conditioned startle

fear in SERT knockout rats. Kang et af™**! demonstrated

that SERT polymorphisms can predict health-related
quality of life assessments in patients with PD. They
used the 36-Item Short Form Health Survey (SF-36),
which is a set of generic and coherent quality of life
measures. The sample consisted of 179 patients with
PD and 110 healthy controls. Patients with PD showed
lowered quality of life in all sub-domains of the SF-36
compared to healthy controls. SERT polymorphisms
independently and additively accounted for 2.2% of
variation (6.7% of inherited variance). Despite its
conceivably significant role in the pathophysiology of PD,
no imaging genetic study on the SERT polymorphisms

in PD has yet been carried out. Reif et a/''**! investi-

gated the impact of a promoter polymorphism in the
monoamine oxidase A gene (MAOA-uVNTR) on CBT
response and brain activity in fear conditioning in a
large controlled multicenter study on 369 patients with
PD and agoraphobia. This promoter polymorphism is
associated with PD and agoraphobia*'® and also has
been demonstrated to influence gene expression and
monoamine levels™”. Carriers of the risk allele (causing
higher activity of MAOA) had significantly worse clinical
outcome. This was accompanied by elevated heart
rate and increased fear during an anxiety exposition
task. Moreover, risk allele carriers did not habituate
due to repetitive exposure. FMRI with a classical fear
conditioning paradigm revealed that the protective allele
is associated with increased activation of the ACC upon
presentation of the CS™ during acquisition of fear. After
treatment, further differentiation between high- and
low-risk subjects was observed in the inferior parietal
lobes, implying differential brain activation patterns upon
CBT. This complex multicenter study has demonstrated
that a genetic risk factor for PD and agoraphobia may
be associated with poor response to CBT and specific
underlying neural mechanisms. The authors emphasize
that, in the future, genetic information might help to

develop individualized treatment methods.

Brief summary: According to recent studies, SERT
polymorphisms are associated with fear learning deficits
and lowered quality of life measures in healthy subjects.
Imaging genetic studies in PD have demonstrated that
there is a significant impact of genetic variations on
severity of symptoms (5-HTR1A) and response to CBT
(MAOA). DTI revealed higher structural integrity within
the left cingulum in patients carrying the 5-HTR1A risk
allele. In an fMRI study, PD patients with a MAOA risk
allele (causing higher activity of MAOA) exhibited a
blunted anterior cingulate response during a classical
fear conditioning paradigm. After cognitive behavioral
treatment, differential brain activation patterns,
primarily in the inferior parietal lobes, were described in

high- and low-risk subjects.
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Genetic variations of COMT and NET

With regard to the noradrenergic system, the COMT
and NET gene polymorphisms are hypothesized to
be involved in the pathophysiology of PD. Kim et a/**
studied the effects of the COMT gene polymorphism
on WM connectivity in PD by DTI. Twenty-six patients
with PD and 26 matched healthy controls were enrolled
and underwent genotype analysis for COMT rs4680.
No differences in WM connectivity were found between
patients and healthy control subjects. However, com-
parison of COMT AA/AG genotype and GG genotype
groups in PD patients revealed increased FA in posterior
thalamic radiation, posterior and superior corona radiata,
superior longitudinal fasciculus (SLF), and sagittal
stratum, all located in the right hemisphere. Symptom
severity scores in the COMT AA/AG genotype group were
positively correlated with the FA in WM tracts. Inoue
et al™® investigated possible associations of COMT,
human TransMEMbrane protein 132D (TMEM132D),
and GABA receptor alpha 6 subunit (GABRA6)
genotypes in PD patients and healthy controls. The
polymorphisms rs4680 in COMT and rs3219151 in
GABRA6 showed positive associations with PD. In a
second step, the authors examined neurophysiological
correlates of emotional function in the following areas:
ACC and frontal cortex. In PD patients, fMRI responses
in the bilateral ACC were stronger in carriers of the
AA genotype vs AC + CC genotype in TMEM132D,
and stronger in CT + TT genotype vs CC genotype in
GABRAG6. A response observed in the medial OFC was
stronger in carriers of the CT + TT genotype in GABRAG6.
These results suggest that TMEM132D, GABRAG6, and
COMT variants may increase vulnerability to panic.
Other genetic variants that have attracted growing
interest are the polymorphism of the NET gene. The
NET is responsible for the reuptake of norepinephrine
into presynaptic nerve terminals. Buttenschgn et a/*!
studied different variants located within the NET gene
with regard to possible associations with PD. The case-
control sample consisted of 449 patients with PD and
279 matched controls. Genotyping revealed 29 single
nucleotide polymorphisms. Seven polymorphisms were
significantly associated with PD, and the NET gene
showed overall evidence for association with the disease.
These results indicate that NET gene polymorphisms
could be involved in the pathophysiology of PD.

Brief summary: Specific polymorphisms of COMT and
NET genes have been demonstrated to be associated
with a diagnosis of PD. COMT risk allele carriers suffer-
ing from PD seem to exhibit increased symptom
severity, accompanied by disturbed WM connectivity
in wide-spread areas of the right hemisphere (e.g.,
posterior thalamic radiation, posterior and superior
corona radiata, SLF, and sagittal stratum).

Polymorphism of neuropeptide S receptor 1 gene
As already mentioned in the paragraph “alterations
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of glutamatergic neurotransmission”, NPS is thought
to modulate GABAergic and glutamatergic neurotrans-
mission and therefore might be involved in the path-
ophysiology of PD by affecting fear circuit function.
Domschke et al'***! applied a multilevel approach to
explore the role of a NPS receptor (NPSR1) gene variant
(A/T) in the etiology of PD. The T allele leads to a 10-fold
increase in NPSR expression and NPS efficacy™?%.
Domschke et al™'®! reported that the T allele was
associated with PD in female patients. The T risk allele
was also related to elevated anxiety sensitivity, increased
heart rate and higher symptom reports during a
behavioral avoidance test. During an emotional activation
task, T allele carriers showed decreased activity in the
dorsolateral prefrontal, lateral orbitofrontal and anterior
cingulate cortices. Dannlowski et a/*! studied the
effects of the T risk allele on amygdala and PFC function
by means of fMRI. Seventy-nine healthy subjects were
enrolled and genotyped for (NPSR1) gene variants. The
authors reported increased amygdala and PFC responses
to anxiety related emotional stimuli in risk allele carriers.
Guhn et al"** measured neural correlates of cognitive
emotion regulation in 66 volunteers genotyped for the
NPSR1 A/T variant (AA homozygotes vs T allele carriers)
by means of an emotional n-back task presented during
functional near-infrared spectroscopy scanning. T allele
carriers showed a signal increase to negative pictures
in the dorsolateral and medial prefrontal cortex (DLPFC
and mPFC). The authors considered this activation to
be part of an adaptive mechanism to compensate for
presumably increased subcortical activity driven by an
overactive NPS system. Neufang et al**® investigated
the impact of NPSR1 gene variations in 47 healthy
subjects on cerebral activation patterns during a task
probing alerting functions (Attention Network Task)
using fMRI. In the alerting condition, homozygote TT
allele carriers showed higher activation in the right PFC
and the LC as compared to the AA/AT group. In a recent
study, Domschke et al'**” explored the influence of
NPSR1 genotypes on fronto-limbic connectivity within
the developing brain. Sixty healthy subjects (8-21 years)
were examined by fMRI during presentation of a go/no-
go task. In A allele carriers, connectivity between the
right DLPFC and the right amygdala was higher in older
(= 14 years) than in younger (< 14 years) subjects.
TT homozygotes (= 14 years) showed a reduction of
fronto-limbic connectivity between the DLPFC and both
the amygdala and the insula. These results suggest a
risk-increasing effect of the NPSR1T allele for possible
anxiety-related traits via impaired top-down control of
limbic structures during adolescence.

Brief summary: The T risk allele of the NPSR1 gene
is associated with PD in female patients. This genetic
variation is also related to elevated anxiety sensitivity.
Moreover, fMRI studies revealed decreased activity in
the dorsolateral prefrontal, lateral orbitofrontal and
anterior cingulate cortices. Healthy subjects carrying
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the risk allele exhibit increased amygdala and PFC
responses to anxiety related emotional stimuli. During a
probe of alerting function, higher activations in the right
PFC and the LC region have been observed in healthy
risk allele carriers. The results of a very recent study
suggest that the NPSR1T allele might be responsible for
impaired top-down control of limbic structures during
adolescence, therefore increasing the risk for possible
anxiety-related traits.

Polymorphisms of corticotropin releasing hormone
receptor 1 gene

Another neuropeptide that has attracted attention is
the neurotransmitter corticotropin-releasing hormone
(CRH), also known as corticotropin-releasing factor
(CRF) or corticoliberin. CRH plays a central role in the
regulation of the HPA axis. The CRH receptor 1 (CRHR1)
triggers the release of the stress response regulating
hormone cortisol. Preclinical and clinical studies have
indicated that CRHR1 is a possible candidate gene for
mood and anxiety disorders”®'?*'?®!, Weber et a/t'*”]
studied different variants located within the CRHR1
gene with regard to possible associations with PD.
Genotyping in 531 matched case/control pairs (PD
patients and healthy control subjects) revealed 9 single
nucleotide polymorphisms (SNPs). Four SNPs were
associated with PD. One risk allele (the minor allele of
rs17689918) was found to significantly increase risk for
PD in females. Subsequently, fMRI was used in 48 PD
patients. The risk allele carriers showed aberrant fear
conditioning predominantly in the bilateral prefrontal
cortex and altered safety signal processing in the
amygdala, suggesting existing fear sensitization and
sustained fear. Furthermore, in this multilevel study,
Weber et al'*””! performed an expression analysis of
CRHR1 gene. For this purpose, postmortem tissue
of 76 deceased individuals obtained from the MRC
Sudden Death Brain and Tissue Bank, Edinburgh, United
Kingdom, was analyzed. In CRHR1 risk allele carriers,
the authors found decreased CRHR1 mRNA expression
in forebrains and amygdalae. These results indicate
that CRHR1 polymorphisms may play a significant
role in the pathophysiology of PD and elucidate the
mechanisms by which genetic variation in CRHR1 is
linked to this disorder. Aberrant fear conditioning due
to CRHRI1 variation has been investigated in an earlier
study by Heitland et a/**®!, One-hundred and fifty
healthy volunteers were genotyped for CRHR1 gene
polymorphism rs878886. Risk allele carriers showed
no acquisition of fear conditioned responses (FPS) to a
threat cue in the uninstructed phase. Moreover, these
participants exhibited increased FPS. In a recent study,
the authors were able to replicate their results in a larger
sample (n = 224)™,

Brief summary: Preclinical and clinical studies have
indicated that CRHR1 is a possible candidate gene for PD.
In a multi-level study, one allele was found to increase
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risk for PD in females. Aberrant fear conditioning due to
CRHR1 variation was demonstrated in PD as well as in
healthy subjects. MRI scans in PD patients revealed that
risk allele carriers exhibited aberrant fear conditioning
with blunted activations in the bilateral prefrontal cortex.
Moreover, during processing of safety cues, patients of
this group showed elevated responses in the amygdalae
compared to patients without the risk allele. Behavioral
and neurofunctional findings of this study indicated
an increased fear sensitization and sustained fear in
this group. Postmortem analyses in risk allele carriers
revealed decreased CRHR1 mRNA expression in the PFC
and amygdala.

Polymorphisms of human TransMEMbrane protein
TMEM123D and amiloride-sensitive cation channel 2
genes

The human TransMEMbrane protein TMEM123D is ex-
pressed in neurons and colocalized with actin filaments
that putatively function as a cell-surface marker for
oligodendrocyte differentiation™”, Recent case-control
genome-wide association studies have linked variants of
the TMEM132D gene with PD, anxiety comorbidity with
depression, and anxiety symptom severity in healthy and
diseased subjects™"**, Haaker et a***! investigated an
independent sample of 315 healthy normal subjects (99
female) of Caucasian descent, of which 132 (22 female)
underwent structural MRI assessment. Carriers of a
specific risk allele (rs11060369 A homozygotes) showed
higher GM volumetric estimates in the left amygdala.
Moreover, participants of this group had higher ratings
for trait anxiety, behavioral inhibition, and negative
affect. Variants of the TMEM123D gene therefore may
play an important role in the etiology of PD.

Animal studies have shown that carbon dioxide-
mediated fear behavior depends on chemosensing of
acidosis in the amygdala through the acid-sensing ion
channel™?., In humans, the amygdala also acts as a
chemosensor that detects hypercarbia and acidosis via
the amiloride-sensitive cation channel 2 (ACCN2)™".,
Patients with PD exhibit a hypersensitivity to inhaled
carbon dioxide, possibly reflecting a lowered threshold
for sensing signals of suffocation®, Smoller et a/t**’
examined whether genetic variation of ACCN2 is asso-
ciated with PD, as well as with amygdala structure
and function. The authors conducted a case-control
analysis (n = 414 PD cases and 846 healthy control
subjects) of ACCN2 SNPs. Two SNPs at the ACCN2 locus
showed evidence of association with PD (rs685012;
rs10875995). The association appeared to be stronger
when PD cases with early-onset (age < 20 years) and
with prominent respiratory symptoms were compared
with controls. One of the detected PD risk alleles
(rs10875995) was associated with increased amygdala
volume and heightened task-evoked amygdala reacti-
vity to fearful and angry faces as assessed by fMRI.
These results suggest that altered chemosensing of
acidosis in the amygdala triggered by ACCN2 gene
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variants may be involved in the pathophysiology of PD.

Brief summary: Recent association studies have linked
variants of the TMEM132D gene with PD. Morphometric
analyses in healthy volunteers revealed that carriers
of a specific risk allele show increased GM volume in
the left amygdala. Moreover, these subjects had higher
ratings for trait anxiety, behavioral inhibition, and
negative affect. Thus, the results of population genetic
studies are confirmed by imaging genetic studies.

Patients with PD exhibit increased sensitivity to
inhaled carbon dioxide. The amygdala acts as a chemo-
sensor that detects hypercarbia and acidosis via the
ACCNZ2. In a recent study, it was demonstrated that
genetic variation of ACCN2 is associated with PD as
well as with amygdala structure and function. Two poly-
morphisms of the ACCN2 gene showed association with
PD. One of the detected PD risk alleles was associated
with increased amygdala volume and elevated amygdala
reactivity to fearful and angry faces. These results sug-
gest that genetic variation of ACCN2 may be involved in
the pathophysiology of PD.

DISCUSSION

Functional neuroimaging studies

The “fear network” proposed by Gorman et af'"! includes
the amygdala, the hippocampus, thalamus, hypotha-
lamus, the PAG region, LC, and other brainstem sites.
Prior neuroimaging studies have reinforced the role of
these regions in the pathophysiology of PD. Additionally,
functional alterations in the ACC, orbitofrontal cortex,
and insula have been reported (for comprehensive
literature overviews, see e.g.!*>**'*")), Recent functional
studies suggest abnormal activation mainly in an
extended fear network comprising brainstem, anterior
and midcingulate cortex, insula, and lateral as well
as medial parts of the prefrontal cortex. Interestingly,
differences in the amygdala activation were not as
consistently reported as one would predict from the
hypothesis of Gorman et a''"’. Feldker et al**® stated
that, given the role of the amygdala proposed for
the pathophysiology of PD, it seems surprising that
amygdala hyperactivation only reached marginal signifi-
cance. In the same tenor, Etkin et al'**! concluded
that “in PD, amygdala hyperactivity appears to be the
exception, rather than the rule”. At present, it remains
unclear whether aberrant amygdala activation is simply
not as characteristic of PD as proposed earlier, whether
it is too weak to be detected with common thresholds,
or whether specific methodological limitations make it
difficult to detect. Indeed, amygdala hyperactivation
seems to strongly depend on stimuli and experimental
paradigms, sample heterogeneity and size, as well
as on limitations of neuroimaging techniques!®*****,
However, in our view, it is notable that the amygdala is
strongly involved in salience and significance detection
in the information stream'*!!. Since paradigms with
specific fear-evoking stimuli are more difficult to develop
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for PD patients in contrast to patients with specific
phobias, we can speculate that the often observed lack
of amygdala hyperactivation in PD might be based on
such methodological issues, e.g., using appropriate
stimuli and experimental paradigms.

In summary, the alterations of neural activation
in patients with PD as reported in past and present
studies are somewhat inconsistent. Interestingly, two
very recent studies using clear panic-related pictorial
stimuli and relatively large sample sizes have put strong
emphasis on a specific role of the insula and dACC
in the pathophysiology of PD™*¥, There is growing
evidence that the insula, the dACC as well as subcortical
structures, such as the amygdala, play a crucial role in
salience processing across multiple sensory and cognitive
domains by integrating external sensory information with
internal emotional and bodily state signals'*?. The latter
can be paraphrased with the term interoception, which
refers to conscious awareness, emotional processes
and behavior related to physiological information ari-
sing from the body. This includes processing of proprio-
ceptive and visceroceptive processes such as heart rate,
respiration, and blood pressure. Abnormal interoception
has been suggested to play a key role in the etiology
and maintenance of anxiety disorders™**® in terms of
oversensitive perception of somatic sensations and
subsequent catastrophizing interpretations. There is
evidence to assume that ascending inputs providing
information about interoceptive and visceromotor signals
related to the current bodily state converge in the insular
cortices™™, In close cooperation with the amygdala,
insular activity seems to represent a specific subjective
emotional state and the emotive value of external
stimuli in terms of salience!***!. Thus, this observation
may explain differences between studies on PD patients
regarding the amygdala or insula activation, which might
be attributed to different subjective emotive values of
presented stimuli. Another source of variability that
induces potentially different insula/amygdala activation
in patients with PD, as well as in control subjects, is
the subject-specific state of physiological arousal.
Thus, simultaneous acquisition of physiological signals,
e.g., heart or respiratory rate in the MR scanner, may
potentially explain some part of activation variance in
these brain structures.

In addition, the ACC is another brain structure con-
sidered to be a key node within the salience network™*?
and which has often been observed to show abnormal
functioning in PD. It is involved in automatic attentional
control as well as in response selection and conflict
monitoring™®, thus enabling rapid access to the motor
system.

Moreover, the salience network recruits the ventral
fronto-parietal network, mainly consisting of the
temporo-parietal junction and inferior frontal gyrus
(IFG)™7, which is typically activated by infrequent or
unexpected behaviorally relevant (salient) events. This
recruits additional executive resources to ensure focused
attention on task-relevant goals, e.g., to cope with panic-
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relevant stimuli™*®!, This may explain the often observed
abnormal activation of the IFG in patients in PD.

In summary, besides the brainstem/midbrain,
amygdala and prefrontal cortex, further brain areas
such as the insula and the ACC are emerging from
recent imaging studies in PD and seem to be of greater
importance than originally proposed.

Interestingly, recent studies applying the DTI to
investigate the WM connectivity in PD reported abnormal
WM integrity in the cingulum bundle as well as in the
major fiber tracts, which connect frontal with temporal,
parietal and occipital brain regions: The inferior and
superior longitudinal fasciculi™*®. This finding is in
accordance with the observation of abnormal functional
activation in regions of the salience network and of the
ventral fronto-parietal network. However, to date only
few studies have investigated the integrity of specific
WM tracts in patients with PD. Therefore, more studies
are required to elucidate the abnormal structural
connectivity in PD.

Structural neuroimaging studies

With regard to structural brain imaging studies of
GM, volumetric and morphometric changes in limbic
structures in frontal and temporal cortical areas, in the
basal ganglia, in the pituitary gland and hypothalamus
as well as in the midbrain/brainstem structures were
reported in recent studies. Similar findings have been
described in prior neurostructural studies in PD™*50:%2),
The relatively large heterogeneity between studies
makes it difficult to relate abnormal GM structure in a
specific brain region or a network to PD. The reasons for
this inconsistency are manifold. Many of the reviewed
studies had the disadvantages of relatively small sample
sizes and of comorbid depression or other psychiatric
disorders among patients, which may also have an
impact on the GM volume estimation.

Neurochemical studies

A major role of serotonin in the pathophysiology of
PD has been deduced from the therapeutic effects
of serotonergic drugs®>®*. In accordance with this
hypothesis, studies on 5-HT1AR and SERT binding
have revealed altered and mostly reduced serotonergic
activity in the raphe nuclei, orbitofrontal cortex, temporal
lobes, ACC and PCC, amygdala, and hypothalamus in
patients with PDV*7¥, In the course of therapy with
SSRIs postsynaptic alterations seem to decline, while
the presynaptic changes persist”?. In addition to these
functional alterations structural abnormalities, e.g.,
disintegration of the raphe nuclei in the brainstem,
have also been described” . Ascending serotonergic
projections to cortical and subcortical brain regions
have their origin mainly in the dorsal and median raphe
nuclei. There is evidence from current animal studies,
that efferent inputs of dorsal raphe neurons may
moderate panic-like defensive behaviors by controlling
the activity of the dorsal PAG"®”®, thus confirming the
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earlier hypotheses of Deakin and Graeff’” as well as of
Gorman et al*! on this point. Very recently, serotonergic
transmission has been proposed as a possible new drug
target for PD, as suggested by the results of a preclinical
study, which demonstrated that a 5-HT7 receptor an-
tagonist reduced fear memory retrieval®.

The noradrenergic system is centrally involved in the
regulation of the attentional alerting system™, which
exhibits increased activity during states of anxiety™®®®.
Noradrenergic transmission is closely linked to the
serotonergic system and to the HPA axis, and therefore
mediates between central arousal and peripheral
physical reactions!'”. Neurochemical studies have
revealed higher baseline noradrenaline secretion and
increased reactivity to challenges of the noradrenergic
system in patients suffering from PD™®®®I, Recently,
genetic studies have demonstrated that there is an
association between PD and variations in COMT™Y,
MAOA™?, and NET®>* genes, thus underlining the
important role of noradrenergic transmission in the path-
ophysiology of PD.

Benzodiazepines are among the most potent
and powerful anxiolytic agents®®, These drugs act
through an enhancement of gamma-aminobutyric
acidergic (GABAergic) inhibition, targeting the GABA
receptor®’, This fact, along with the results of several
neurochemical studies points towards an involvement
of the GABA system in the pathophysiology of PD.
Decreased GABAergic inhibition was reported in limbic,
frontal, temporal, and respectively insular regionst*>?*%!,
Unfortunately, the findings regarding the GABAergic
system are partly inconsistent and may not be specific
for PD!"*,

Glutamate is the main excitatory neurotransmitter in
the mammalian cortex. It is the metabolic precursor of
GABA, which can be recycled through the tricarboxylic
acid cycle to synthesize glutamate™®?, Preclinical studies
have suggested that an excitatory-inhibitory imbalance
of the glutamatergic and GABAergic systems might play
a role in the etiology of PD™*", Glutamatergic neurotrans-
mission in the lateral nucleus of the amygdala is thought
to be involved in fear-conditioning and extinction!*®*,
The results of animal studies have further suggested
that glutamatergic and GABAergic transmissions are
modulated by the NPS system. NPS receptors are widely
distributed in the central nervous system with highest
expressions in the cortex, thalamus, hypothalamus
and the amygdala!’®!. In a recent imaging genetic
study, blunted glutamatergic ACC response due to
CCK-4-induced panic was reported in NPSR1 risk allele
carriers™®, The results of additional imaging genetic
studies on genetic NPSR1 variations will be presented
below.

Imaging genetics

During the past decade, studies on the genetic basis
of PD focused on genes related to classical neurotrans-
mitters, mainly monoamines. More recently, other
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groups of molecules have been identified, including
genes involved in neurodevelopment and synaptic plas-
ticity. More than twenty different genes were reported
to confer susceptibility to - or modulate the patholo-
gical mechanisms of - PD!'%!, Identified genes belong
to different biological pathways and implicate inter alia
the serotonergic, noradrenergic, neuropeptidergic (e.g.,
NPS) or glucocorticoid system. Imaging genetic studies,
as specified below, are designed to evaluate the impact
of genetic variations (polymorphisms) on cerebral
function in regions critical for PD. Most of the imaging
genetic studies used functional magnetic resonance
imaging. Some other studies assessed structural con-
nectivity and structural alterations by DTI and VBM.

Serotonergic system: According to recent genetic
studies, SERT polymorphisms are associated with fear
learning deficits'*** and lowered quality of life mea-
surest™¥ in healthy subjects. Imaging genetic studies
in PD have demonstrated that there is a significant
impact of genetic variations on severity of symptoms
(5-HTR1A)"™" and response to CBT (MAOA)™". DTI
revealed increased structural integrity within the left
cingulum in patients carrying the 5-HTR1A risk allele™'").
In an fMRI study, PD patients with an MAOA risk allele
(causing higher activity of MAOA) exhibited a blunted
anterior cingulate response during a classical fear
conditioning paradigm. After CBT treatment, differential
brain activation patterns, primarily in the inferior parietal
lobes, were described in high- and low-risk subjects™*,

Noradrenergic system: Specific polymorphisms of
COMT®" and NET®***! genes have been demonstrated
to be associated with a diagnosis of PD. COMT risk
allele carriers suffering from PD seem to exhibit
increased symptom severity accompanied by disturbed
WM connectivity in wide-spread areas of the right
hemisphere®®”.

Neuropeptidergic system: The T risk allele of the
NPSR1 gene is associated with PD in female patients.
This genetic variation is also related to elevated anxiety
sensitivity. Moreover, fMRI scans revealed decreased
activity in the DLPFC, lateral OFC and ACC!''®\. Healthy
subjects carrying the risk allele exhibit increased
amygdala and PFC responses to anxiety related
emotional stimuli’**"). During a probe of alerting function,
higher activations in the right PFC and the LC have been
observed in healthy risk allele carriers™®. Results of a
very recent study suggest that the NPSR1 T allele might
be responsible for impaired top-down control of limbic
structures during adolescence, therefore increasing the
risk for possible anxiety-related traits™**,

CRH: Another neuropeptide that has attracted attention
is the neurotransmitter CRH. CRH plays a central
role in the regulation of the HPA axis. Preclinical and
clinical studies have indicated that CRHR1 is a possible
candidate gene for PD!**>'*], In a multi-level study by
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Weber et al'*”, one allele was found to increase risk for
PD in females. Aberrant fear conditioning due to CRHR1
variation was demonstrated in PD as well as in healthy
subjects. MRI scans in PD patients revealed that risk
allele carriers exhibited aberrant fear conditioning with
blunted activations in the bilateral prefrontal cortex.
Moreover, during processing of safety cues, patients of
this group showed elevated responses in the amygdalae
compared to patients without the risk allele. Behavioral
and neurofunctional findings of this study indicated
an increased fear sensitization and sustained fear in
this group. Postmortem analyses in risk allele carriers
(brain tissue was obtained from a Tissue Bank) revealed
decreased CRHR1 mRNA expression in the PFC and
amygdala™”.

Human TransMEMbrane protein (TMEM123D):
TMEM123D is expressed in neurons and colocalized
with actin filaments that putatively function as a cell-
surface marker for oligodendrocyte differentiation!**”.
Recent association studies have linked variants of
the TMEM132D gene with PD!"*"**?1, Morphometric
analyses in healthy volunteers revealed that carriers of a
specific risk allele show increased GM volume in the left
amygdala. Moreover, these subjects had higher ratings
for trait anxiety, behavioral inhibition, and negative
affect!™®. Thus, the results of population genetic studies
were confirmed by imaging genetic studies.

Amiloride-sensitive cation channel 2: Patients
with PD exhibit increased sensitivity to inhaled carbon
dioxide!*®!, The amygdala acts as a chemosensor that
detects hypercarbia and acidosis via the ACCN2™,
In a recent multi-level study by Smoller et a/*** it
was demonstrated that genetic variation of ACCNZ2 is
associated with PD as well as with amygdala structure
and function. Two polymorphisms of the ACCN2 gene
showed association with PD. One of the detected PD risk
alleles was associated with increased amygdala volume
and elevated amygdala reactivity to fearful and angry
faces. These results suggest that genetic variation of
ACCN2 may be involved in the pathophysiology of PD.
As stated above, the intention of imaging genetic
studies is to evaluate the impact of genetic variation
(polymorphisms) on cerebral function in regions critical
for PD. Given the fact that PD is a multifaceted disease
with various pathogenic pathways, the etiological effects
of specific polymorphisms shall not be overestimated or
generalized. Nevertheless, genetic imaging will help to
understand the multitude and the interplay of pathogenic
factors in PD. Moreover, future neuroimaging studies
will become more sophisticated by including genetically
defined patient and control samples. Regardless of
the undeniable advantages of imaging genetics, some
limitations of the studies presented above have to be
mentioned: (1) results of studies in healthy subjects
may not or only to some extent be transferable to
patients suffering from PD; (2) given the wide variety
of genes involved in the pathophysiology of PD, it is still
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difficult to define homogenous samples and to control for
interfering factors; (3) general methodological limitations
of neuroimaging studies (e.g., related to paradigms and
assessment techniques; please see above) cannot be
avoided; (4) identified genes often fail to find replication
in larger cohort sets or in different populations; and (5)
epigenetic factors and non-coding genomic elements
may also play a role in the pathophysiology of PD™,
Nevertheless, great progress has been made in the field
of genetics of psychiatric disorders and by now there is
a considerable amount of notable findings. In this light,
it is conceivable that in the near future this research will
lead to the development of clinically useful tools such as
predictive biomarkers or novel treatment options.

Limitations and future directions

This review discusses the recently published neuro-
functional, neurostructural and neurochemical altera-
tions in PD.

However, the premise that PD is a single phenotype,
might not be accurate. Studies on abnormal brain stru-
cture in PD revealed a relatively large heterogeneity
of significant findings, which makes it difficult to relate
specific regions or tracts with aberrant gray or WM to
PD. Additionally, the application of functional MRI did
not reduce the heterogeneity of reported findings, even
if the brain’s salience network, mainly composed of
the amygdala, insula and ACC becomes increasingly
important for the understanding of panic attacks.

On the other hand, the new era of imaging genetics
provided first insights into the potential etiological
heterogeneity of PD. Imaging genetic studies have not
only confirmed the importance of serotonergic and
noradrenergic transmission in the etiology of PD, but
also indicated the significance of neuropeptide S receptor
and CRH receptor gene variants. These new insights
reveal possible targets for the development of drugs
for personalized anxiolytic treatment. Furthermore,
appropriate imaging genetics studies may lead to a
better understanding of non-response to psychotherapy,
e.g., due to the variability of top-down control that
the prefrontal/anterior cingulate cortex exerts on the
amygdala/hippocampus, as well as on the brainstem
in PD!"**. In the future the imaging genetics approach
will be of major importance for the further development
of the neuroanatomical model, because genetic risk
variants may significantly influence fear network
activity in PD™?), Therefore, imaging genetic consortia
are necessary to accumulate a sufficient number of
functional and structural brain scans, which may allow
researchers to detect genome-wide significant loci
affecting brain function and structure in PD.

COMMENTS

Background

Panic disorder (PD) is a frequent psychiatric disease. Gorman et al (2000)
proposed a comprehensive neuroanatomical model of PD, which suggests that
fear- and anxiety-related responses are mediated by a so-called “fear network”
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which is centered in the amygdala and includes the hippocampus, thalamus,
hypothalamus, periaqueductal gray region, locus coeruleus and other brainstem
sites. It was further assumed that the serotoninergic system plays a pivotal role
in the etiology of PD.

Research frontiers

The main focus of this systematic review was laid on recent neurofunctional,
neurostructural, and neurochemical studies. Within this frame, special attention
was given to the emerging field of imaging genetics.

Innovations and breakthroughs

Recent functional imaging studies revealed abnormal activation not only in the
“fear network” proposed by Gorman et al (2000), but also in additional brain
regions such as anterior and midcingulate cortex, insula, and prefrontal cortex.
Thus, the so-called “salience” network of the brain becomes increasingly
important for the understanding of PD. Advanced neurochemical studies have
substantiated the major role not only of serotonergic, but also of noradrenergic
and glutamatergic neurotransmission in the pathophysiology of PD. In addition,
imaging genetic studies have confirmed the importance of serotonergic and
noradrenergic transmission in the etiology of PD and, moreover, have indicated
the significance of neuropeptide S receptor and CRH receptor gene variants.

Applications

Genetic imaging studies have revealed that genetic risk variants may significantly
affect fear network activity in PD. Thus, the inhomogeneity of neuroimaging
findings, as reported in this review, could be partly due to such influences. In
future studies these effects will have to be considered carefully. Other practical
applications of the genetic imaging approach could be the development of
clinically useful tools such as predictive biomarkers or drugs for personalized
anxiolytic treatment.

Terminology
All terms that may not be familiar to the majority of the readers are explained at
the beginning of each major section.

Peer-review

This is, in summary, an interesting review manuscript aimed to provide a
detailed and comprehensive overview of the current research in the functional
neuroanatomy of panic disorder. The authors mainly focused on recent
neurofunctional, neurostructural, and neurochemical studies about the specified
topic. They concluded that it is conceivable that new research advances may
lead in the near future to the development of clinically useful tools like predictive
biomarkers or novel treatment options.

REFERENCES

1

Wittchen HU, Essau CA, von Zerssen D, Krieg JC, Zaudig M.
Lifetime and six-month prevalence of mental disorders in the
Munich Follow-Up Study. Eur Arch Psychiatry Clin Neurosci 1992;
241: 247-258 [PMID: 1576182 DOI: 10.1007/BF02190261]

Angst J, Panic disorder: History and epidemiology. Eur Psychiatry
Suppl 1998; 13: 51-55 [PMID: 19698673 DOI: 10.1016/S0924-
9338(98)80014-X]

Kessler RC, Petukhova M, Sampson NA, Zaslavsky AM, Wittchen
H -U. Twelve-month and lifetime prevalence and lifetime morbid
risk of anxiety and mood disorders in the United States. Int J
Methods Psychiatr Res 2012; 21: 169-184 [PMID: 22865617 DOI:
10.1002/mpr.1359]

American Psychiatric Association. Diagnostic and statistic manual
of mental disorders (5th ed). Arlington: American Psychiatric
Publishing, 2013: 214-217

Cox BJ. The nature and assessment of catastrophic thoughts
in panic disorder. Behav Res Ther 1996; 34: 363-374 [PMID:
8871370]

Kessler RC, Chiu WT, Jin R, Ruscio AM, Shear K, Walters EE.
The epidemiology of panic attacks, panic disorder, and agoraphobia
in the National Comorbidity Survey Replication. Arch Gen

March 22,2017 | Volume 7 | Issuel |



11

13

14

16

17

18

19

20

21

22

23

JBaishideng®

Sobanski T et a/. Functional neuroanatomy in panic disorder

Psychiatry 2006; 63: 415-424 [PMID: 16585471 DOI: 10.1001/
archpsyc.63.4.415]

Graeff FG. New perspective on the pathophysiology of panic:
merging serotonin and opioids in the periaqueductal gray. Braz J
Med Biol Res 2012; 45: 366-375 [PMID: 22437485 DOI: 10.1590/
S0100-879X2012007500036]

Klein DF. False suffocation alarms, spontaneous panics,
and related conditions. An integrative hypothesis. Arch Gen
Psychiatry 1993; 50: 306-317 [PMID: 8466392 DOI: 10.1001/
archpsyc.1993.01820160076009]

Beck AT, Emery G, Greenberg RL. Anxiety disorders and phobias:
A cognitive perspective. New York: Basic Books, 1985

Gorman JM, Liebowitz MR, Fyer AJ, Stein J. A neuroanatomical
hypothesis for panic disorder. Am J Psychiatry 1989; 146: 148-161
[PMID: 2643361]

Gorman JM, Kent JM, Sullivan GM, Coplan JD. Neuroanatomical
hypothesis of panic disorder, revised. 4m J Psychiatry 2000; 157:
493-505 [PMID: 10739407 DOI: 10.1176/foc.2.3.426]

Pompili M, Serafini G, Innamorati M, Venturini P, Fusar-Poli P, Sher
L, Amore M, Girardi P. Agomelatine, a novel intriguing antidepressant
option enhancing neuroplasticity: a critical review. World J Biol
Psychiatry 2013; 14: 412-431 [PMID: 23530731 DOI: 10.3109/15622
975.2013.765593]

Levitan MN, Papelbaum M, Soares G, Simdes P, Zugliani M, Freire
RC, Mochcovitch M, Nardi AE. Agomelatine in Panic Disorder: A
6-Week Follow-Up Case Series. J Clin Psychopharmacol 2016; 36:
395-396 [PMID: 27285660 DOI: 10.1097/JCP.0000000000000524]
Huijbregts KM, Batelaan NM, Schonenberg J, Veen G, van
Balkom AJ. Agomelatine as a novel treatment option in panic
disorder, results from an 8-week open-label trial. J Clin Psycho-
pharmacol 2015; 35: 336-338 [PMID: 25856784 DOI: 10.1097/
JCP.0000000000000313]

Dresler T, Guhn A, Tupak SV, Ehlis AC, Herrmann MJ, Fallgatter
Al, Deckert J, Domschke K. Revise the revised? New dimensions
of the neuroanatomical hypothesis of panic disorder. J Neural
Transm (Vienna) 2013; 120: 3-29 [PMID: 22692647 DOI: 10.1007/
s00702-012-0811-1]

Holzschneider K, Mulert C. Neuroimaging in anxiety disorders.
Dialogues Clin Neurosci 2011; 13: 453-461 [PMID: 22275850]
Pannekoek JN, van der Werff SJ, Stein DJ, van der Wee NJ.
Advances in the neuroimaging of panic disorder. Hum Psycho-
pharmacol 2013; 28: 608-611 [PMID: 24038132 DOI: 10.1002/
hup.2349]

Paul ED, Johnson PL, Shekhar A, Lowry CA. The Deakin/Graeff
hypothesis: focus on serotonergic inhibition of panic. Neurosci
Biobehav Rev 2014; 46 Pt 3: 379-396 [PMID: 24661986 DOI:
10.1016/j.neubiorev.2014.03.010]

Domschke K, Deckert J. Genetics of anxiety disorders - status
quo and quo vadis. Curr Pharm Des 2012; 18: 5691-5698 [PMID:
22632468]

Pannekoek JN, Veer IM, van Tol MJ, van der Werff SJ, Demenescu
LR, Aleman A, Veltman DJ, Zitman FG, Rombouts SA, van
der Wee NJ. Aberrant limbic and salience network resting-state
functional connectivity in panic disorder without comorbidity. J
Affect Disord 2013; 145: 29-35 [PMID: 22858265 DOI: 10.1016/
jjad.2012.07.006]

Lai CH, Wu YT. Patterns of fractional amplitude of low-frequency
oscillations in occipito-striato-thalamic regions of first-episode
drug-naive panic disorder. J Affect Disord 2012; 142: 180-185
[PMID: 22770722 DOLI: 10.1016/j.jad.2012.04.021]

Lai CH, Wu YT. Decreased regional homogeneity in lingual gyrus,
increased regional homogeneity in cuneus and correlations with
panic symptom severity of first-episode, medication-naive and late-
onset panic disorder patients. Psychiatry Res 2013; 211: 127-131
[PMID: 23352831 DOI: 10.1016/j.pscychresns.2012.11.006]

Lai CH, Wu YT. The alterations in inter-hemispheric functional
coordination of patients with panic disorder: the findings in the
posterior sub-network of default mode network. J Affect Disord 2014;
166: 279-284 [PMID: 25012442 DOI: 10.1016/j.jad.2014.05.022]

WJP | www.wjgnet.com

28

24

25

26

27

28

29

30

31

32

33

34

35

36

37

Shin YW, Dzemidzic M, Jo HJ, Long Z, Medlock C, Dydak
U, Goddard AW. Increased resting-state functional connectivity
between the anterior cingulate cortex and the precuneus in panic
disorder: resting-state connectivity in panic disorder. J Affect
Disord 2013; 150: 1091-1095 [PMID: 23688914 DOI: 10.1016/
jjad.2013.04.026]

Goossens L, Leibold N, Peeters R, Esquivel G, Knuts I, Backes W,
Marcelis M, Hofman P, Griez E, Schruers K. Brainstem response to
hypercapnia: a symptom provocation study into the pathophysiology
of panic disorder. J Psychopharmacol 2014; 28: 449-456 [PMID:
24646808 DOI: 10.1177/0269881114527363]

Pfleiderer B, Zinkirciran S, Michael N, Hohoff C, Kersting A, Arolt
V, Deckert J, Domschke K. Altered auditory processing in patients
with panic disorder: a pilot study. World J Biol Psychiatry 2010; 11:
945-955 [PMID: 20586534 DOI: 10.3109/15622975.2010.490273]
Wintermann GB, Donix M, Joraschky P, Gerber J, Petrowski
K. Altered olfactory processing of stress-related body odors and
artificial odors in patients with panic disorder. PLoS One 2013; 8:
€74655 [PMID: 24086358 DOI: 10.1371/journal.pone.0074655]
Magnotta VA, Johnson CP, Follmer R, Wemmie JA. Functional
tlp imaging in panic disorder. Biol Psychiatry 2014; 75: 884-891
[PMID: 24157339 DOLI: 10.1016/j.biopsych.2013.09.008]

Feldker K, Heitmann CY, Neumeister P, Bruchmann M, Vibrans L,
Zwitserlood P, Straube T. Brain responses to disorder-related visual
threat in panic disorder. Hum Brain Mapp 2016; 37: 4439-4453
[PMID: 27436308 DOI: 10.1002/hbm.23320]

Gorka SM, Nelson BD, Phan KL, Shankman SA. Insula response
to unpredictable and predictable aversiveness in individuals with
panic disorder and comorbid depression. Biol Mood Anxiety Disord
2014; 4: 9 [PMID: 25337388 DOI: 10.1186/2045-5380-4-9]
Wittmann A, Schlagenhauf F, Guhn A, Lueken U, Gaehlsdorf C,
Stoy M, Bermpohl F, Fydrich T, Pfleiderer B, Bruhn H, Gerlach
AL, Kircher T, Straube B, Wittchen HU, Arolt V, Heinz A, Strohle
A. Anticipating agoraphobic situations: the neural correlates of
panic disorder with agoraphobia. Psychol Med 2014; 44: 2385-2396
[PMID: 24398049 DOI: 10.1017/S0033291713003085]

Engel KR, Obst K, Bandelow B, Dechent P, Gruber O, Zerr I,
Ulrich K, Wedekind D. Functional MRI activation in response to
panic-specific, non-panic aversive, and neutral pictures in patients
with panic disorder and healthy controls. Eur Arch Psychiatry Clin
Neurosci 2016; 266: 557-566 [PMID: 26585457 DOI: 10.1007/
$00406-015-0653-6]

Liebscher C, Wittmann A, Gechter J, Schlagenhauf F, Lueken U,
Plag J, Straube B, Pfleiderer B, Fehm L, Gerlach AL, Kircher T,
Fydrich T, Deckert J, Wittchen HU, Heinz A, Arolt V, Stréhle A.
Facing the fear--clinical and neural effects of cognitive behavioural
and pharmacotherapy in panic disorder with agoraphobia. Eur
Neuropsychopharmacol 2016; 26: 431-444 [PMID: 26837851 DOI:
10.1016/j.euroneuro.2016.01.004]

Ottaviani C, Cevolani D, Nucifora V, Borlimi R, Agati R, Leonardi
M, De Plato G, Brighetti G. Amygdala responses to masked and low
spatial frequency fearful faces: a preliminary fMRI study in panic
disorder. Psychiatry Res 2012; 203: 159-165 [PMID: 22944369
DOI: 10.1016/j.pscychresns.2011.12.010]

Demenescu LR, Kortekaas R, Cremers HR, Renken RJ, van Tol
MJ, van der Wee NJ, Veltman DJ, den Boer JA, Roelofs K, Aleman
A. Amygdala activation and its functional connectivity during
perception of emotional faces in social phobia and panic disorder.
J Psychiatr Res 2013; 47: 1024-1031 [PMID: 23643103 DOI:
10.1016/j.jpsychires.2013.03.020]

Petrowski K, Wintermann G, Smolka MN, Huebner T, Donix
M. The neural representation of emotionally neutral faces and
places in patients with panic disorder with agoraphobia. J Affect
Disord 2014; 152-154: 454-461 [PMID: 24176537 DOI: 10.1016/
jjad.2013.10.016]

Poletti S, Radaelli D, Cucchi M, Ricci L, Vai B, Smeraldi E,
Benedetti F. Neural correlates of anxiety sensitivity in panic
disorder: A functional magnetic resonance imaging study.
Psychiatry Res 2015; 233: 95-101 [PMID: 26071623 DOI: 10.1016/

March 22,2017 | Volume 7 | Issuel |



38

39

40

41

42

43

44

45

46

47

48

49

50

51

JBaishideng®

j-pscychresns.2015.05.013]

Dresler T, Hindi Attar C, Spitzer C, Lowe B, Deckert J, Biichel
C, Ehlis AC, Fallgatter AJ. Neural correlates of the emotional
Stroop task in panic disorder patients: an event-related fMRI study.
J Psychiatr Res 2012; 46: 1627-1634 [PMID: 23058446 DOI:
10.1016/j.jpsychires.2012.09.004]

van Tol MJ, Demenescu LR, van der Wee NJ, Kortekaas R, Marjan
M AN, Boer JA, Renken RJ, van Buchem MA, Zitman FG, Aleman
A, Veltman DJ. Functional magnetic resonance imaging correlates
of emotional word encoding and recognition in depression and
anxiety disorders. Biol Psychiatry 2012; 71: 593-602 [PMID:
22206877 DOL: 10.1016/j.biopsych.2011.11.016]

Tuescher O, Protopopescu X, Pan H, Cloitre M, Butler T, Goldstein
M, Root JC, Engelien A, Furman D, Silverman M, Yang Y, Gorman
J, LeDoux J, Silbersweig D, Stern E. Differential activity of
subgenual cingulate and brainstem in panic disorder and PTSD. J
Anxiety Disord 2011; 25: 251-257 [PMID: 21075593 DOI: 10.1016/
jjanxdis.2010.09.010]

Lueken U, Straube B, Reinhardt I, Maslowski NI, Wittchen HU,
Strohle A, Wittmann A, Pfleiderer B, Konrad C, Ewert A, Uhlmann
C, Arolt V, Jansen A, Kircher T. Altered top-down and bottom-up
processing of fear conditioning in panic disorder with agoraphobia.
Psychol Med 2014; 44: 381-394 [PMID: 23611156 DOI: 10.1017/
S0033291713000792]

Kircher T, Arolt V, Jansen A, Pyka M, Reinhardt I, Kellermann T,
Konrad C, Lueken U, Gloster AT, Gerlach AL, Stréhle A, Wittmann
A, Pfleiderer B, Wittchen HU, Straube B. Effect of cognitive-
behavioral therapy on neural correlates of fear conditioning in panic
disorder. Biol Psychiatry 2013; 73: 93-101 [PMID: 22921454 DOI:
10.1016/j.biopsych.2012.07.026]

Pfleiderer B, Berse T, Stroux D, Ewert A, Konrad C, Gerlach
AL. Internal focus of attention in anxiety-sensitive females up-
regulates amygdale activity: an fMRI study. J Neural Transm
(Vienna) 2014; 121: 1417-1428 [PMID: 24898851 DOI: 10.1007/
$00702-014-1248-5]

Del Casale A, Serata D, Rapinesi C, Kotzalidis GD, Angeletti
G, Tatarelli R, Ferracuti S, Girardi P. Structural neuroimaging in
patients with panic disorder: findings and limitations of recent
studies. Psychiatr Danub 2013; 25: 108-114 [PMID: 23793273]
Fujiwara A, Yoshida T, Otsuka T, Hayano F, Asami T, Narita H,
Nakamura M, Inoue T, Hirayasu Y. Midbrain volume increase in
patients with panic disorder. Psychiatry Clin Neurosci 2011; 65:
365-373 [PMID: 21682812 DOI: 10.1111/j.1440-1819.2011.02219.x]
Kartalci S, Dogan M, Unal S, Ozcan AC, Ozdemir S, Atmaca
M. Pituitary volume in patients with panic disorder. Prog Neurop-
sychopharmacol Biol Psychiatry 2011; 35: 203-207 [PMID: 21075158
DOI: 10.1016/j.pnpbp.2010.11.005]

Terlevic R, Isola M, Ragogna M, Meduri M, Canalaz F, Perini L,
Rambaldelli G, Travan L, Crivellato E, Tognin S, Como G, Zuiani C,
Bazzocchi M, Balestrieri M, Brambilla P. Decreased hypothalamus
volumes in generalized anxiety disorder but not in panic disorder. J
Affect Disord 2013; 146: 390-394 [PMID: 23084182 DOI: 10.1016/
jjad.2012.09.024]

Atmaca M, Yildirim H, Gurok MG, Akyol M. Orbito-frontal cortex
volumes in panic disorder. Psychiatry Investig 2012; 9: 408-412
[PMID: 23251207 DOTI: 10.4306/pi.2012.9.4.408]

Lai CH, Wu YT. Fronto-temporo-insula gray matter alterations of
first-episode, drug-naive and very late-onset panic disorder patients.
J Affect Disord 2012; 140: 285-291 [PMID: 22386047 DOI:
10.1016/j.jad.2012.01.049]

Na KS, Ham BJ, Lee MS, Kim L, Kim YK, Lee HJ, Yoon HK.
Decreased gray matter volume of the medial orbitofrontal cortex
in panic disorder with agoraphobia: a preliminary study. Prog
Neuropsychopharmacol Biol Psychiatry 2013; 45: 195-200 [PMID:
23628432 DOI: 10.1016/j.pnpbp.2013.04.014]

Han DH, Renshaw PF, Dager SR, Chung A, Hwang J, Daniels MA,
Lee YS, Lyoo IK. Altered cingulate white matter connectivity in
panic disorder patients. J Psychiatr Res 2008; 42: 399-407 [PMID:

WJP | www.wjgnet.com

Sobanski T et a/. Functional neuroanatomy in panic disorder

29

52

53

54

55

56

57

58

59

60

61

62

63

64

65

17482647 DOLI: 10.1016/j.jpsychires.2007.03.002]

Lai CH, Wu YT. Fronto-occipital fasciculus, corpus callosum and
superior longitudinal fasciculus tract alterations of first-episode,
medication-naive and late-onset panic disorder patients. J Affect
Disord 2013; 146: 378-382 [PMID: 23084185 DOI: 10.1016/
jjad.2012.09.022]

Kim B, Yoo E, Lee JY, Lee KS, Choe AY, Lee JE, Kwack K,
Yook KH, Choi TK, Lee SH. The effects of the catechol-O-
methyltransferase vall58met polymorphism on white matter
connectivity in patients with panic disorder. J Affect Disord 2013;
147: 64-71 [PMID: 23141115 DOI: 10.1016/j.jad.2012.10.009]
Kim B, Kim JH, Kim MK, Lee KS, Kim Y, Choi TK, Kim YT, Lee
SH. Frontal white matter alterations in short-term medicated panic
disorder patients without comorbid conditions: a diffusion tensor
imaging study. PLoS One 2014; 9: €95279 [PMID: 24788587 DOI:
10.1371/journal.pone.0095279]

Kim B, Oh J, Kim MK, Lee S, Tae WS, Kim CM, Choi TK, Lee
SH. White matter alterations are associated with suicide attempt in
patients with panic disorder. J Affect Disord 2015; 175: 139-146
[PMID: 25617685 DOI: 10.1016/j.jad.2015.01.001]

Lai CH, Wu YT. The White Matter Microintegrity Alterations of
Neocortical and Limbic Association Fibers in Major Depressive
Disorder and Panic Disorder: The Comparison. Medicine
(Baltimore) 2016; 95: ¢2982 [PMID: 26945417 DOI: 10.1097/
MD.0000000000002982]

Konishi J, Asami T, Hayano F, Yoshimi A, Hayasaka S, Fukushima
H, Whitford TJ, Inoue T, Hirayasu Y. Multiple white matter volume
reductions in patients with panic disorder: relationships between
orbitofrontal Gyrus volume and symptom severity and social
dysfunction. PLoS One 2014; 9: €92862 [PMID: 24663245 DOI:
10.1371/journal.pone.0092862]

Yoon S, Jun CS, Jeong HS, Lee S, Lim SM, Ma J, Ko E, Cho HB,
Yeum TS, Lyoo IK. Altered cortical gyrification patterns in panic
disorder: deficits and potential compensation. J Psychiatr Res 2013;
47: 1446-1454 [PMID: 23871448 DOI: 10.1016/j.jpsychires.2013.0
6.015]

Schwartz CE, Kunwar PS, Hirshfeld-Becker DR, Henin A, Vangel
MG, Rauch SL, Biederman J, Rosenbaum JF. Behavioral inhibition
in childhood predicts smaller hippocampal volume in adolescent
offspring of parents with panic disorder. Trans! Psychiatry 2015; 5:
€605 [PMID: 26196438 DOI: 10.1038/tp.2015.95]

Trzesniak C, Uchida RR, Aratijo D, Guimaraes FS, Freitas-Ferrari
MC, Filho AS, Santos AC, Busatto GF, Zuardi AW, Del-Ben CM,
Graeff FG, Crippa JA. (1)H magnetic resonance spectroscopy
imaging of the hippocampus in patients with panic disorder.
Psychiatry Res 2010; 182: 261-265 [PMID: 20488674 DOI:
10.1016/j.pscychresns.2010.03.008]

Shinoura N, Yamada R, Tabei Y, Otani R, Itoi C, Saito S,
Midorikawa A. Damage to the right dorsal anterior cingulate cortex
induces panic disorder. J Affect Disord 2011; 133: 569-572 [PMID:
21601289 DOI: 10.1016/j.jad.2011.04.029]

Nash JR, Nutt D. Psychopharmacology of anxiety. Psychiatry
2007; 6: 143-148

Baldwin DS, Anderson IM, Nutt DJ, Allgulander C, Bandelow
B, den Boer JA, Christmas DM, Davies S, Fineberg N, Lidbetter
N, Malizia A, McCrone P, Nabarro D, O’Neill C, Scott J, van der
Wee N, Wittchen HU. Evidence-based pharmacological treatment
of anxiety disorders, post-traumatic stress disorder and obsessive-
compulsive disorder: a revision of the 2005 guidelines from the
British Association for Psychopharmacology. J Psychopharmacol
2014; 28: 403-439 [PMID: 24713617 DOI: 10.1177/026988111452
5674]

Aston-Jones G, Akaoka H, Charléty P, Chouvet G. Serotonin
selectively attenuates glutamate-evoked activation of noradrenergic
locus coeruleus neurons. J Neurosci 1991; 11: 760-769 [PMID:
1672153]

Viana MB, Graeff FG, Loschmann PA. Kainate microinjection into
the dorsal raphe nucleus induces 5-HT release in the amygdala and

March 22,2017 | Volume 7 | Issuel |



66

67

68

69

70

71

72

73

74

75

76

71

78

79

80

81

JBaishideng®

Sobanski T et a/. Functional neuroanatomy in panic disorder

periaqueductal gray. Pharmacol Biochem Behav 1997; 58: 167-172
[PMID: 9264086 DOI: 10.1016/S0091-3057(96)00451-0]

Brady LS, Gold PW, Herkenham M, Lynn AB, Whitfield HJ.
The antidepressants fluoxetine, idazoxan and phenelzine alter
corticotropin-releasing hormone and tyrosine hydroxylase mRNA
levels in rat brain: therapeutic implications. Brain Res 1992; 572:
117-125 [PMID: 1351783 DOI: 10.1016/0006-8993(92)90459-M]
Elkabir DR, Wyatt ME, Vellucci SV, Herbert J. The effects of
separate or combined infusions of corticotrophin-releasing factor
and vasopressin either intraventricularly or into the amygdala on
aggressive and investigative behaviour in the rat. Regul Pept 1990;
28: 199-214 [PMID: 2343163 DOI: 10.1016/0167-0115(90)90018-
R]

Butler PD, Weiss JM, Stout JC, Nemeroff CB. Corticotropin-
releasing factor produces fear-enhancing and behavioral activating
effects following infusion into the locus coeruleus. J Neurosci 1990;
10: 176-183 [PMID: 2299391]

Tork I, Hornung JP. Raphe nuclei and the serotonergic system in
the human nervous system. San Diego: Academic Press, 1990
Stutzmann GE, LeDoux JE. GABAergic antagonists block the
inhibitory effects of serotonin in the lateral amygdala: a mechanism
for modulation of sensory inputs related to fear conditioning. J
Neurosci 1999; 19: RC8 [PMID: 10341269]

Neumeister A, Bain E, Nugent AC, Carson RE, Bonne O, Luck-
enbaugh DA, Eckelman W, Herscovitch P, Charney DS, Drevets
WC. Reduced serotonin type 1A receptor binding in panic disorder.
J Neurosci 2004; 24: 589-591 [PMID: 14736842 DOI: 10.1523/
JNEUROSCI.4921-03.2004]

Nash JR, Sargent PA, Rabiner EA, Hood SD, Argyropoulos SV,
Potokar JP, Grasby PM, Nutt DJ. Serotonin 5-HT1A receptor binding
in people with panic disorder: positron emission tomography study. Br
J Psychiatry 2008; 193: 229-234 [PMID: 18757983 DOI: 10.1192/bjp.
bp.107.041186]

Maron E, Kuikka JT, Shlik J, Vasar V, Vanninen E, Tiihonen J.
Reduced brain serotonin transporter binding in patients with panic
disorder. Psychiatry Res 2004; 132: 173-181 [PMID: 15598551
DOI: 10.1016/j.pscychresns.2003.10.004]

Maron E, Toru I, Hirvonen J, Tuominen L, Lumme V, Vasar V,
Shlik J, Nutt DJ, Helin S, Nagren K, Tiihonen J, Hietala J. Gender
differences in brain serotonin transporter availability in panic
disorder. J Psychopharmacol 2011; 25: 952-959 [PMID: 21148024
DOI: 10.1177/0269881110389207]

Silhan P, Jelinkova M, Walter U, Pavlov Prasko J, Herzig R,
Langova K, Skoloudik D. Transcranial sonography of brainstem
structures in panic disorder. Psychiatry Res 2015; 234: 137-143
[PMID: 26371456 DOI: 10.1016/j.pscychresns.2015.09.010]
Becker G, Becker T, Struck M, Lindner A, Burzer K, Retz W,
Bogdahn U, Beckmann H. Reduced echogenicity of brainstem
raphe specific to unipolar depression: a transcranial color-coded
real-time sonography study. Biol Psychiatry 1995; 38: 180-184
[PMID: 7578661 DOI: 10.1016/0006-3223(94)00263-3]

Deakin JF, Graeff FG. 5-HT and mechanisms of defence. J
Psychopharmacol 1991; 5: 305-315 [PMID: 22282829 DOI: 10.117
7/026988119100500414]

Spiacci A, Sergio Tde O, da Silva GS, Glass ML, Schenberg
LC, Garcia-Cairasco N, Zangrossi H. Serotonin in the dorsal
periaqueductal gray inhibits panic-like defensive behaviors in rats
exposed to acute hypoxia. Neuroscience 2015; 307: 191-198 [PMID:
26319117 DOI: 10.1016/j.neuroscience.2015.08.045]

Spiacci A, Pobbe RL, Matthiesen M, Zangrossi H. 5-HT1A
receptors of the rat dorsal raphe lateral wings and dorsomedial
subnuclei differentially control anxiety- and panic-related defensive
responses. Neuropharmacology 2016; 107: 471-479 [PMID:
26145183 DOI: 10.1016/j.neuropharm.2015.06.015]

Andrade TG, Zangrossi H, Graeff FG. The median raphe nucleus
in anxiety revisited. J Psychopharmacol 2013; 27: 1107-1115
[PMID: 23999409 DOI: 10.1177/0269881113499208]

Gray JA, McNaughton N. The neuropsychology of anxiety. 2nd
edition ed. Oxford: University Press, 2000

WJP | www.wjgnet.com

30

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

Zelikowsky M, Bissiere S, Hast TA, Bennett RZ, Abdipranoto A,
Vissel B, Fanselow MS. Prefrontal microcircuit underlies contextual
learning after hippocampal loss. Proc Natl Acad Sci USA 2013; 110:
9938-9943 [PMID: 23676273 DOI: 10.1073/pnas.1301691110]
Ohmura YYT, Konno K, Minami M, Watanabe M, Yoshioka M.
Serotonin 5-HT7 Receptor in the Ventral Hippocampus Modulates
the Retrieval of Fear Memory and Stress-Induced Defecation. Int J
Neuropsychopharmacol 2016; 1: 12

Petersen SE, Posner MI. The attention system of the human
brain: 20 years after. Annu Rev Neurosci 2012; 35: 73-89 [PMID:
22524787 DOI: 10.1146/annurev-neuro-062111-150525]
Cedarbaum JM, Aghajanian GK. Afferent projections to the rat
locus coeruleus as determined by a retrograde tracing technique.
J Comp Neurol 1978; 178: 1-16 [PMID: 632368 DOI: 10.1002/
¢cne.901780102]

Goddard AW, Ball SG, Martinez J, Robinson MJ, Yang CR,
Russell JM, Shekhar A. Current perspectives of the roles of the
central norepinephrine system in anxiety and depression. Depress
Anxiety 2010; 27: 339-350 [PMID: 19960531 DOI: 10.1002/
da.20642]

Kalk NJ, Nutt DJ, Lingford-Hughes AR. The role of central
noradrenergic dysregulation in anxiety disorders: evidence from
clinical studies. J Psychopharmacol 2011; 25: 3-16 [PMID:
20530586 DOI: 10.1177/0269881110367448]

Szabadi E. Functional neuroanatomy of the central noradrenergic
system. J Psychopharmacol 2013; 27: 659-693 [PMID: 23761387
DOI: 10.1177/0269881113490326]

Pacheco-Unguetti AP, Acosta A, Marqués E, Lupiaiiez J.
Alterations of the attentional networks in patients with anxiety
disorders. J Anxiety Disord 2011; 25: 888-895 [PMID: 21641180
DOI: 10.1016/j.janxdis.2011.04.010]

Garner M, Attwood A, Baldwin DS, Munafo MR. Inhalation of
7.5% carbon dioxide increases alerting and orienting attention
network function. Psychopharmacology (Berl) 2012; 223: 67-73
[PMID: 22453547 DOI: 10.1007/s00213-012-2690-4]

Domschke K, Deckert J, O’donovan MC, Glatt SJ. Meta-analysis
of COMT vall58met in panic disorder: ethnic heterogeneity and
gender specificity. Am J Med Genet B Neuropsychiatr Genet 2007,
144B: 667-673 [PMID: 17357147 DOI: 10.1002/ajmg.b.30494]
Reif A, Weber H, Domschke K, Klauke B, Baumann C, Jacob CP,
Strohle A, Gerlach AL, Alpers GW, Pauli P, Hamm A, Kircher T,
Arolt V, Wittchen HU, Binder EB, Erhardt A, Deckert J. Meta-
analysis argues for a female-specific role of MAOA-uVNTR in
panic disorder in four European populations. Am J Med Genet B
Neuropsychiatr Genet 2012; 159B: 786-793 [PMID: 22911667
DOI: 10.1002/ajmg.b.32085]

Lee YJ, Hohoff C, Domschke K, Sand P, Kuhlenbdumer G,
Schirmacher A, Freitag CM, Meyer J, Stober G, Franke P,
Nothen MM, Fritze J, Fimmers R, Garritsen HS, Stogbauer
F, Deckert J. Norepinephrine transporter (NET) promoter and
5’-UTR polymorphisms: association analysis in panic disorder.
Neurosci Lett 2005; 377: 40-43 [PMID: 15722184 DOI: 10.1016/
j-neulet.2004.11.063]

Buttenschen HN, Kristensen AS, Buch HN, Andersen JH, Bonde
JP, Grynderup M, Hansen AM, Kolstad H, Kaergaard A, Kaerlev
L, Mikkelsen S, Thomsen JF, Koefoed P, Erhardt A, Woldbye DP,
Borglum AD, Mors O. The norepinephrine transporter gene is a
candidate gene for panic disorder. J Neural Transm (Vienna) 2011;
118: 969-976 [PMID: 21416264 DOI: 10.1007/s00702-011-0624-7]
Park HJ, Kim SK, Kang WS, Kim YJ, Cho AR, Park JK. Potential
involvement of NET polymorphism in serotonin/norepinephrine
reuptake inhibitor response in panic disorder. Nord J Psychiatry
2016; 70: 314-317 [PMID: 26508020 DOI: 10.3109/08039488.201
5.1089321]

Bandelow B, Reitt M, Rover C, Michaelis S, Gorlich Y, Wedekind
D. Efficacy of treatments for anxiety disorders: a meta-analysis. Int
Clin Psychopharmacol 2015; 30: 183-192 [PMID: 25932596 DOI:
10.1097/YIC.0000000000000078]

Sigel E. Mapping of the benzodiazepine recognition site on

March 22,2017 | Volume 7 | Issuel |



98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

JBaishideng®

GABA(A) receptors. Curr Top Med Chem 2002; 2: 833-839 [PMID:
12171574 DOI: 10.2174/1568026023393444]

Domschke K, Zwanzger P. GABAergic and endocannabinoid
dysfunction in anxiety - future therapeutic targets? Curr Pharm Des
2008; 14: 3508-3517 [PMID: 19075727 DOI: 10.2174/138161208786
848784]

Long Z, Medlock C, Dzemidzic M, Shin YW, Goddard AW, Dydak
U. Decreased GABA levels in anterior cingulate cortex/medial
prefrontal cortex in panic disorder. Prog Neuropsychopharmacol
Biol Psychiatry 2013; 44: 131-135 [PMID: 23391588 DOI:
10.1016/j.pnpbp.2013.01.020]

Schiir RR, Draisma LW, Wijnen JP, Boks MP, Koevoets MG,
Joéls M, Klomp DW, Kahn RS, Vinkers CH. Brain GABA levels
across psychiatric disorders: A systematic literature review and
meta-analysis of (1) H-MRS studies. Hum Brain Mapp 2016; 37:
3337-3352 [PMID: 27145016 DOI: 10.1002/hbm.23244]
Zwanzger P, Zavorotnyy M, Gencheva E, Diemer J, Kugel H,
Heindel W, Ruland T, Ohrmann P, Arolt V, Domschke K, Pfleiderer
B. Acute shift in glutamate concentrations following experimentally
induced panic with cholecystokinin tetrapeptide--a 3T-MRS study in
healthy subjects. Neuropsychopharmacology 2013; 38: 1648-1654
[PMID: 23463151 DOI: 10.1038/npp.2013.61]

Petroff OA. GABA and glutamate in the human brain. Neuroscien-
tist 2002; 8: 562-573 [PMID: 12467378 DOI: 10.1177/1073858402
238515]

Bergink V, van Megen HJ, Westenberg HG. Glutamate and anxiety.
Eur Neuropsychopharmacol 2004; 14: 175-183 [PMID: 15056476
DOI: 10.1016/S0924-977X(03)00100-7]

Rogan MT, Stiubli UV, LeDoux JE. Fear conditioning induces
associative long-term potentiation in the amygdala. Nature 1997,
390: 604-607 [PMID: 9403688 DOI: 10.1038/37601]

Maddock RJ, Buonocore MH, Miller AR, Yoon JH, Soosman
SK, Unruh AM. Abnormal activity-dependent brain lactate
and glutamate+glutamine responses in panic disorder. Biol
Psychiatry 2013; 73: 1111-1119 [PMID: 23332354 DOI: 10.1016/
j.biopsych.2012.12.015]

Xu YL, Reinscheid RK, Huitron-Resendiz S, Clark SD, Wang
Z, Lin SH, Brucher FA, Zeng J, Ly NK, Henriksen SJ, de Lecea
L, Civelli O. Neuropeptide S: a neuropeptide promoting arousal
and anxiolytic-like effects. Neuron 2004; 43: 487-497 [PMID:
15312648 DOI: 10.1016/j.neuron.2004.08.005]

Ruland T, Domschke K, Schiitte V, Zavorotnyy M, Kugel H,
Notzon S, Vennewald N, Ohrmann P, Arolt V, Pfleiderer B,
Zwanzger P. Neuropeptide S receptor gene variation modulates
anterior cingulate cortex Glx levels during CCK-4 induced
panic. Eur Neuropsychopharmacol 2015; 25: 1677-1682 [PMID:
26235955 DOLI: 10.1016/j.euroneuro.2015.07.011]

Howe AS, Buttenschen HN, Bani-Fatemi A, Maron E, Otowa
T, Erhardt A, Binder EB, Gregersen NO, Mors O, Woldbye DP,
Domschke K, Reif A, Shlik J, Koks S, Kawamura Y, Miyashita A,
Kuwano R, Tokunaga K, Tanii H, Smoller JW, Sasaki T, Koszycki
D, De Luca V. Candidate genes in panic disorder: meta-analyses of
23 common variants in major anxiogenic pathways. Mol Psychiatry
2016; 21: 665-679 [PMID: 26390831 DOI: 10.1038/mp.2015.138]
Akimova E, Lanzenberger R, Kasper S. The serotonin-1A receptor
in anxiety disorders. Biol Psychiatry 2009; 66: 627-635 [PMID:
19423077 DOI: 10.1016/j.biopsych.2009.03.012]

Straube B, Reif A, Richter J, Lueken U, Weber H, Arolt V, Jansen A,
Zwanzger P, Domschke K, Pauli P, Konrad C, Gerlach AL, Lang T,
Fydrich T, Alpers GW, Strohle A, Wittmann A, Pfleiderer B, Wittchen
HU, Hamm A, Deckert J, Kircher T. The functional -1019C/G HTR1A
polymorphism and mechanisms of fear. Trans! Psychiatry 2014; 4:
€490 [PMID: 25514753 DOI: 10.1038/tp.2014.130]

Yu ST, Kim MK, Kim B, Yoo E, Lee JY, Lee KS, Choe AY, Yook
KH, Choi TK, Lee SH. The Effects of 5-HTR1A Polymorphism on
Cingulum Connectivity in Patients with Panic Disorder. Psychiatry
Investig 2013; 10: 399-406 [PMID: 24474990 DOI: 10.4306/
pi.2013.10.4.399]

Schumacher J, Deckert J. Serotonin transporter polymorphisms

WJP | www.wjgnet.com

Sobanski T et a/. Functional neuroanatomy in panic disorder

113

114

115

116

117

118

119

120

121

122

123

124

31

and panic disorder. Genome Med 2010; 2: 40 [PMID: 20587004
DOLI: 10.1186/gm161]

Bijlsma EY, Hendriksen H, Baas JM, Millan MJ, Groenink L.
Lifelong disturbance of serotonin transporter functioning results in
fear learning deficits: Reversal by blockade of CRF1 receptors. Eur
Neuropsychopharmacol 2015; 25: 1733-1743 [PMID: 26302762
DOI: 10.1016/j.euroneuro.2015.07.004]

Kang E, Choe AY, Kim B, Lee JY, Choi TK, Na HR, Lee SH.
Serotonin Transporter and COMT Polymorphisms as Independent
Predictors of Health-related Quality of Life in Patients with Panic
Disorder. J Korean Med Sci 2016; 31: 757-763 [PMID: 27134498
DOI: 10.3346/jkms.2016.31.5.757]

Reif A, Richter J, Straube B, Hofler M, Lueken U, Gloster AT,
Weber H, Domschke K, Fehm L, Strohle A, Jansen A, Gerlach A,
Pyka M, Reinhardt I, Konrad C, Wittmann A, Pfleiderer B, Alpers
GW, Pauli P, Lang T, Arolt V, Wittchen HU, Hamm A, Kircher T,
Deckert J. MAOA and mechanisms of panic disorder revisited:
from bench to molecular psychotherapy. Mol Psychiatry 2014; 19:
122-128 [PMID: 23319006 DOI: 10.1038/mp.2012.172]
Samochowiec J, Hajduk A, Samochowiec A, Horodnicki J,
Stepien G, Grzywacz A, Kucharska-Mazur J. Association studies of
MAO-A, COMT, and 5-HTT genes polymorphisms in patients with
anxiety disorders of the phobic spectrum. Psychiatry Res 2004; 128:
21-26 [PMID: 15450911 DOI: 10.1016/j.psychres.2004.05.012]
Jonsson EG, Norton N, Gustavsson JP, Oreland L, Owen MJ,
Sedvall GC. A promoter polymorphism in the monoamine oxidase A
gene and its relationships to monoamine metabolite concentrations
in CSF of healthy volunteers. J Psychiatr Res 2000; 34: 239-244
[PMID: 10867119 DOI: 10.1016/S0022-3956(00)00013-3]

Inoue A, Akiyoshi J, Muronaga M, Masuda K, Aizawa S, Hirakawa
H, Ishitobi Y, Higuma H, Maruyama Y, Ninomiya T, Tanaka Y,
Hanada H, Kawano Y. Association of TMEM132D, COMT, and
GABRAG genotypes with cingulate, frontal cortex and hippocampal
emotional processing in panic and major depressive disorder. /nt J
Psychiatry Clin Pract 2015; 19: 192-200 [PMID: 25974322 DOI:
10.3109/13651501.2015.1043133]

Domschke K, Reif A, Weber H, Richter J, Hohoff C, Ohrmann P,
Pedersen A, Bauer J, Suslow T, Kugel H, Heindel W, Baumann C,
Klauke B, Jacob C, Maier W, Fritze J, Bandelow B, Krakowitzky
P, Rothermundt M, Erhardt A, Binder EB, Holsboer F, Gerlach
AL, Kircher T, Lang T, Alpers GW, Strohle A, Fehm L, Gloster AT,
Wittchen HU, Arolt V, Pauli P, Hamm A, Deckert J. Neuropeptide
S receptor gene--converging evidence for a role in panic disorder.
Mol Psychiatry 2011; 16: 938-948 [PMID: 20603625 DOI:
10.1038/mp.2010.81]

Reinscheid RK, Xu YL, Okamura N, Zeng J, Chung S, Pai R, Wang
Z, Civelli O. Pharmacological characterization of human and murine
neuropeptide s receptor variants. J Pharmacol Exp Ther 2005; 315:
1338-1345 [PMID: 16144971 DOI: 10.1124/jpet.105.093427]
Dannlowski U, Kugel H, Franke F, Stuhrmann A, Hohoff C,
Zwanzger P, Lenzen T, Grotegerd D, Suslow T, Arolt V, Heindel
W, Domschke K. Neuropeptide-S (NPS) receptor genotype
modulates basolateral amygdala responsiveness to aversive stimuli.
Neuropsychopharmacology 2011; 36: 1879-1885 [PMID: 21525857
DOI: 10.1038/npp.2011.73]

Guhn A, Domschke K, Miller LD, Dresler T, Eff F, Kopf J,
Deckert J, Reif A, Herrmann MJ. Neuropeptide S receptor gene
variation and neural correlates of cognitive emotion regulation. Soc
Cogn Affect Neurosci 2015; 10: 1730-1737 [PMID: 25971599 DOI:
10.1093/scan/nsv061]

Neufang S, Geiger MJ, Homola GA, Mahr M, Akhrif A, Nowak
J, Reif A, Romanos M, Deckert J, Solymosi L, Domschke K.
Modulation of prefrontal functioning in attention systems by
NPSRI1 gene variation. Neuroimage 2015; 114: 199-206 [PMID:
25842293 DOI: 10.1016/j.neuroimage.2015.03.064]

Domschke K, Akhrif A, Romanos M, Bajer C, Mainusch M,
Winkelmann J, Zimmer C, Neufang S. Neuropeptide S Receptor
Gene Variation Differentially Modulates Fronto-Limbic Effective
Connectivity in Childhood and Adolescence. Cereb Cortex 2015

March 22,2017 | Volume 7 | Issuel |



Sobanski T et a/. Functional neuroanatomy in panic disorder

125

126

127

128

129

130

131

132

133

134

135

JBaishideng®

Oct 26; Epub ahead of print [PMID: 26503268 DOI: 10.1093/
cercor/bhv259]

Ishitobi Y, Nakayama S, Yamaguchi K, Kanehisa M, Higuma H,
Maruyama Y, Ninomiya T, Okamoto S, Tanaka Y, Tsuru J, Hanada
H, Isogawa K, Akiyoshi J. Association of CRHR1 and CRHR2
with major depressive disorder and panic disorder in a Japanese
population. Am J Med Genet B Neuropsychiatr Genet 2012; 159B:
429-436 [PMID: 22467522 DOI: 10.1002/ajmg.b.32046]

Silva MS, Pereira BA, Céspedes IC, Nascimento JO, Bittencourt
JC, Viana MB. Dorsomedial hypothalamus CRF type 1 receptors
selectively modulate inhibitory avoidance responses in the elevated
T-maze. Behav Brain Res 2014; 271: 249-257 [PMID: 24937051
DOI: 10.1016/j.bbr.2014.06.018]

Weber H, Richter J, Straube B, Lueken U, Domschke K, Schartner
C, Klauke B, Baumann C, Pané-Farré C, Jacob CP, Scholz CJ,
Zwanzger P, Lang T, Fehm L, Jansen A, Konrad C, Fydrich T,
Wittmann A, Pfleiderer B, Strohle A, Gerlach AL, Alpers GW, Arolt
V, Pauli P, Wittchen HU, Kent L, Hamm A, Kircher T, Deckert J,
Reif A. Allelic variation in CRHRI1 predisposes to panic disorder:
evidence for biased fear processing. Mol Psychiatry 2016; 21:
813-822 [PMID: 26324098 DOI: 10.1038/mp.2015.125]

Heitland I, Groenink L, Bijlsma EY, Oosting RS, Baas JM.
Human fear acquisition deficits in relation to genetic variants of
the corticotropin releasing hormone receptor 1 and the serotonin
transporter. PLoS One 2013; 8: €63772 [PMID: 23717480 DOI:
10.1371/journal.pone.0063772]

Heitland I, Groenink L, van Gool JM, Domschke K, Reif A, Baas
JM. Human fear acquisition deficits in relation to genetic variants
of the corticotropin-releasing hormone receptor 1 and the serotonin
transporter--revisited. Genes Brain Behav 2016; 15: 209-220
[PMID: 26643280 DOI: 10.1111/gbb.12276]

Nomoto H, Yonezawa T, Itoh K, Ono K, Yamamoto K, Oohashi
T, Shiraga F, Ohtsuki H, Ninomiya Y. Molecular cloning of
a novel transmembrane protein MOLT expressed by mature
oligodendrocytes. J Biochem 2003; 134: 231-238 [PMID: 12966072
DOI: 10.1093/jb/mvg135]

Erhardt A, Czibere L, Roeske D, Lucae S, Unschuld PG, Ripke
S, Specht M, Kohli MA, Kloiber S, Ising M, Heck A, Pfister H,
Zimmermann P, Lieb R, Piitz B, Uhr M, Weber P, Deussing JM,
Gonik M, Bunck M, Kebler MS, Frank E, Hohoff C, Domschke
K, Krakowitzky P, Maier W, Bandelow B, Jacob C, Deckert J,
Schreiber S, Strohmaier J, Nothen M, Cichon S, Rietschel M,
Bettecken T, Keck ME, Landgraf R, Miiller-Myhsok B, Holsboer F,
Binder EB. TMEM132D, a new candidate for anxiety phenotypes:
evidence from human and mouse studies. Mol Psychiatry 2011; 16:
647-663 [PMID: 20368705 DOI: 10.1038/mp.2010.41]

Erhardt A, Akula N, Schumacher J, Czamara D, Karbalai N,
Miiller-Myhsok B, Mors O, Borglum A, Kristensen AS, Woldbye
DP, Koefoed P, Eriksson E, Maron E, Metspalu A, Nurnberger J,
Philibert RA, Kennedy J, Domschke K, Reif A, Deckert J, Otowa T,
Kawamura Y, Kaiya H, Okazaki Y, Tanii H, Tokunaga K, Sasaki T,
Toannidis JP, McMahon FJ, Binder EB. Replication and meta-analysis
of TMEM132D gene variants in panic disorder. Trans! Psychiatry
2012; 2: e156 [PMID: 22948381 DOI: 10.1038/tp.2012.85]

Haaker J, Lonsdorf TB, Raczka KA, Mechias ML, Gartmann N,
Kalisch R. Higher anxiety and larger amygdala volumes in carriers
of a TMEM132D risk variant for panic disorder. Transl Psychiatry
2014; 4: €357 [PMID: 24495968 DOI: 10.1038/tp.2014.1]
Ziemann AE, Allen JE, Dahdaleh NS, Drebot II, Coryell MW,
Wunsch AM, Lynch CM, Faraci FM, Howard MA, Welsh MJ,
Wemmie JA. The amygdala is a chemosensor that detects carbon
dioxide and acidosis to elicit fear behavior. Cell 2009; 139:
1012-1021 [PMID: 19945383 DOI: 10.1016/j.cell.2009.10.029]
Smoller JW, Gallagher PJ, Duncan LE, McGrath LM, Haddad SA,
Holmes AJ, Wolf AB, Hilker S, Block SR, Weill S, Young S, Choi
EY, Rosenbaum JF, Biederman J, Faraone SV, Roffman JL, Manfro
GG, Blaya C, Hirshfeld-Becker DR, Stein MB, Van Ameringen M,
Tolin DF, Otto MW, Pollack MH, Simon NM, Buckner RL, Ongiir
D, Cohen BM. The human ortholog of acid-sensing ion channel

WJP | www.wjgnet.com

32

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

gene ASICla is associated with panic disorder and amygdala
structure and function. Biol Psychiatry 2014; 76: 902-910 [PMID:
24529281 DOI: 10.1016/j.biopsych.2013.12.018]

Battaglia M, Ogliari A. Anxiety and panic: from human studies
to animal research and back. Neurosci Biobehav Rev 2005; 29:
169-179 [PMID: 15652264 DOI: 10.1016/j.neubiorev.2004.06.013]
Chen J, Shi S. A review of neuroimaging studies of anxiety
disorders in China. Neuropsychiatr Dis Treat 2011; 7: 241-249
[PMID: 21573086 DOI: 10.2147/NDT.S10997]

Etkin A, Wager TD. Functional neuroimaging of anxiety: a meta-
analysis of emotional processing in PTSD, social anxiety disorder,
and specific phobia. Am J Psychiatry 2007; 164: 1476-1488 [PMID:
17898336 DOI: 10.1176/appi.ajp.2007.07030504]

Kim JE, Dager SR, Lyoo IK. The role of the amygdala in the
pathophysiology of panic disorder: evidence from neuroimaging
studies. Biol Mood Anxiety Disord 2012; 2: 20 [PMID: 23168129
DOI: 10.1186/2045-5380-2-20]

Shin LM, Liberzon I. The neurocircuitry of fear, stress, and anxiety
disorders. Neuropsychopharmacology 2010; 35: 169-191 [PMID:
19625997 DOI: 10.1038/npp.2009.83]

Pessoa L, Adolphs R. Emotion processing and the amygdala: from a
‘low road’ to ‘many roads’ of evaluating biological significance. Nat
Rev Neurosci 2010; 11: 773-783 [PMID: 20959860 DOI: 10.1038/
nrn2920]

Seeley WW, Menon V, Schatzberg AF, Keller J, Glover GH, Kenna
H, Reiss AL, Greicius MD. Dissociable intrinsic connectivity
networks for salience processing and executive control. J
Neurosci 2007; 27: 2349-2356 [PMID: 17329432 DOI: 10.1523/
JNEUROSCI.5587-06.2007]

Olatunji BO, Deacon BJ, Abramowitz JS, Valentiner DP. Body
vigilance in nonclinical and anxiety disorder samples: structure,
correlates, and prediction of health concerns. Behav Ther 2007; 38:
392-401 [PMID: 18021953 DOI: 10.1016/j.beth.2006.09.002]
Uddin LQ. Salience processing and insular cortical function and
dysfunction. Nat Rev Neurosci 2015; 16: 55-61 [PMID: 25406711
DOI: 10.1038/nrn3857]

Critchley HD. The human cortex responds to an interoceptive
challenge. Proc Natl Acad Sci USA 2004; 101: 6333-6334 [PMID:
15096592 DOI: 10.1073/pnas.0401510101]

Mansouri FA, Tanaka K, Buckley MJ. Conflict-induced behavioural
adjustment: a clue to the executive functions of the prefrontal cortex.
Nat Rev Neurosci 2009; 10: 141-152 [PMID: 19153577]

Corbetta M, Patel G, Shulman GL. The reorienting system of the
human brain: from environment to theory of mind. Neuron 2008;
58: 306-324 [PMID: 18466742 DOI: 10.1016/j.neuron.2008.04.017]
Bressler SL, Menon V. Large-scale brain networks in cognition:
emerging methods and principles. Trends Cogn Sci 2010; 14:
277-290 [PMID: 20493761 DOI: 10.1016/j.tics.2010.04.004]
Schmahmann JD, Sherman JC. The cerebellar cognitive affective
syndrome. Brain 1998; 121 (Pt 4): 561-579 [PMID: 9577385]
Sobanski T, Wagner G, Peikert G, Gruhn U, Schluttig K, Sauer H,
Schlosser R. Temporal and right frontal lobe alterations in panic
disorder: a quantitative volumetric and voxel-based morphometric
MRI study. Psychol Med 2010; 40: 1879-1886 [PMID: 20056020
DOI: 10.1017/S0033291709991930]

Vythilingam M, Anderson ER, Goddard A, Woods SW, Staib LH,
Charney DS, Bremner JD. Temporal lobe volume in panic disorder-
-a quantitative magnetic resonance imaging study. Psychiatry Res
2000; 99: 75-82 [PMID: 10963983]

Uchida RR, Del-Ben CM, Santos AC, Aratijo D, Crippa JA,
Guimaraes FS, Graeff FG. Decreased left temporal lobe volume of
panic patients measured by magnetic resonance imaging. Braz J
Med Biol Res 2003; 36: 925-929 [PMID: 12845380]
Muiiios-Gimeno M, Espinosa-Parrilla Y, Guidi M, Kagerbauer B,
Sipild T, Maron E, Pettai K, Kananen L, Navinés R, Martin-Santos R,
Gratacos M, Metspalu A, Hovatta I, Estivill X. Human microRNAs
miR-22, miR-138-2, miR-148a, and miR-488 are associated with
panic disorder and regulate several anxiety candidate genes and
related pathways. Biol Psychiatry 2011; 69: 526-533 [PMID:

March 22,2017 | Volume 7 | Issuel |



21168126 DOI: 10.1016/j.biopsych.2010.10.010]
154 Pezawas L, Meyer-Lindenberg A, Drabant EM, Verchinski BA,
Munoz KE, Kolachana BS, Egan MF, Mattay VS, Hariri AR,

JRaishideng®

WJP | www.wjgnet.com

Sobanski T et a/. Functional neuroanatomy in panic disorder

33

Weinberger DR. 5-HTTLPR polymorphism impacts human
cingulate-amygdala interactions: a genetic susceptibility mechanism
for depression. Nat Neurosci 2005; 8: 828-834 [PMID: 15880108]

P- Reviewer: Contreras CM, Serafini G = S- Editor: Song XX
L- Editor: A E- Editor: Wu HL

March 22,2017 | Volume 7 | Issuel |



JRnishideng®

Published by Baishideng Publishing Group Inc
8226 Regency Drive, Pleasanton, CA 94588, USA
Telephone: +1-925-223-8242
Fax: +1-925-223-8243
E-mail: bpgoffice@wijgnet.com
Help Desk: http://www.wijgnet.com/esps/helpdesk.aspx
http:/ /www.wjgnet.com

© 2017 Baishideng Publishing Group Inc. All rights reserved.



	12
	WJPv7i1-Back Cover

